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ABSTRACT
THE COSMIC WEB AND THE ROLE OF ENVIRONMENT IN
GALAXY EVOLUTION
SEPTEMBER 2016
RYAN CYBULSKI
B.Sc., PENNSYLVANIA STATE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Min S. Yun
The Universe, on extra-galactic scales, is composed of a vast network of structures
dubbed the “cosmic web”. One of the most fundamental discoveries about the evolution of
galaxies is that their properties have a dependence on their location relative to this cosmic
web (i.e., their environment). However, detailed studies of the environmental dependence
on galaxy evolution have been extremely challenging due to the inherent complexity of the
structures on the largest scales, a plethora of techniques being used to try to map the cosmic
web, and other confounding factors, such as the masses of galaxies, that also affect their
evolution. In this work, we will present a technique for characterizing the environments
of galaxies in the cosmic web, which is comprised of two separate, but complementary,
methods that together provide a more complete measure of environment. After some in-
troductory background in Chapter 1, we will demonstrate these mapping techniques on
the Coma Supercluster, and present an analysis of the star-formation activity of  4;000
galaxies in the supercluster environment in Chapter 2. Next, in Chapter 3 we present a
vii
greatly expanded application of our mapping techniques encompassing  60;000 galaxies
within 200 Mpc that addresses several outstanding questions from the Coma Supercluster
study, and also leads to new intriguing insights into the evolution of galaxies as a function
of environment. Then, in Chapter 4 we present a pilot study focusing on galaxy evolution
as traced by the gas content around two galaxy clusters. We also expand upon this pilot
study in Chapter 5, whereupon we examine more closely the resiliency of molecular gas
content, compared to the atomic gas, to the effects of the cluster environment. And finally,
in Chapter 6 we present some concluding remarks and explore some promising avenues for
future study.
viii
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CHAPTER 1
BACKGROUND
1.1 Early density perturbations
The currently-favored cosmological models of the Universe describe an initial big bang,
in which space-time, and all matter and energy, arose 13:8 Gyr ago. With a period of very
early exponential expansion (the so-called “inflationary” epoch) at an age of t  10 35 sec,
the initial quantum fluctuations in the energy density of the young Universe were enlarged
into more substantial energy and matter perturbations. At the earliest epochs, the Universe
was so hot and dense that matter and radiation were coupled and maintained an equilibrium
that prevented baryonic matter from accumulating. However, as the dominant component
of matter is not baryonic, but is comprised of an unknown constituent (dark matter) that
does not interact with radiation, the early density perturbations were able to gradually grow
by the accretion of dark matter. At these early times, the coupling of baryonic matter to
radiation led to an acoustic pattern of varying densities and temperatures, driven by the
interplay of gravitational attraction and radiation pressure, that would later be seen as the
Cosmic Microwave Background Radiation (CMBR).
As the Universe continued to expand and cool, at an age of about 300,000 years it
achieved a decoupling of matter and radiation, and soon thereafter the first neutral atoms
were able to form. At this point, photons of light could free-stream across the observable
Universe and baryonic matter could begin to accumulate in the higher-density perturba-
tions. These over-dense concentrations of matter are referred to hereafter as dark matter
haloes, and they formed the initial seeds that would eventually become galaxies, and groups
and clusters of galaxies billions of years later. The following section provides an overview
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of the pertinent physics that drives the growth of these initial dark matter haloes into a
complex network of structures that we see at the present time.
1.2 Rise of the cosmic web
The evolutionary path leading from the early dark matter seeds to the structures seen in
the local Universe is complex, but it is principally driven by the gravitational force alone.
Therefore, one key virtue is that it is relatively straightforward to model the growth of
structures on large scales, because doing so does not require detailed treatments of gas or
radiation physics.
The growth of density perturbations, which initially occupy very small scales, can be
described with a linear approximation as long as their density fluctuations remain on small
scales (i.e., the fractional density perturbation d  drr << 1), which means that a relatively
simple linear perturbation theory can be employed to describe the evolution of the density
perturbations until they reach size scales of  10 h 1 Mpc (Peebles, 1980), where h is the
Hubble parameter that accounts for uncertainty in the Hubble constant, H0, and is defined
in terms of the Hubble constant as: h= H0
100 kms 1 Mpc 1 . Under this assumption, the growth
of structure over time can be described largely in terms of the accumulation of matter via
gravitational attraction working against the expansion of the Universe. Beyond the linear
regime, at size scales > 10h 1 Mpc, the growth can be described following Zel’dovich
(1970) by assuming a simple equation of motion for particles accreting onto structures.
With the dramatic increase in computational power over the past few decades, numeri-
cal simulations have been employed which approximate dark matter particles with increas-
ing mass resolution, and are thereby able to sensitively characterize the emergence of the
cosmic web over time. One of the most recent successful examples is the Millennium
Simulation (Springel et al., 2005), which used over 1010 particles to simulate a large cos-
mological volume across virtually all of cosmic history. Figure 1.1 shows some example
snapshots of the Millennium Simulation’s view of the growth of the cosmic web. Over
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Figure 1.1 The Cosmic Web. Each panel shows a slice through the numerical simulation
of Springel et al. (2005) consisting of dark matter “particles”. The top left panel shows a
portion of the simulated universe at a redshift z = 18:3 (210 Myr after the big bang), the
top right corresponds to z= 5:7 (1 Gyr after the big bang), the bottom left panel shows the
simulation snapshot at z= 1:4 (4.7 Gyr after the big bang), and the lower right panel shows
a cut through the simulation at its end, z= 0 (13.6 Gyr after the big bang).
time, the most massive structures grow steadily larger, until groups of galaxies (with dark
matter halo massesMh  1013 M) arise but then gradually merge together to form clusters
of galaxies (with Mh  1014 M) and eventually superclusters. The distinct visual struc-
ture of the cosmic web consists of nodes (the groups and clusters) with long (stretching at
least  10 h 1 Mpc) filaments connecting the nodes along which galaxies and groups of
galaxies fall as they accumulate onto the nodes of the web. The different parts of the cosmic
web, like the dense clusters and groups, the gossamer filaments, and the vast, mostly-empty
voids, represent a wide range of environments in which galaxies can reside.
The processes employed to map these different environments, and the subsequent analy-
sis of the properties of galaxies as a function of environment, are central to this dissertation.
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In the following chapter, we will present our primary pair of techniques to accurately map
the cosmic web, and their application in one nearby supercluster.
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CHAPTER 2
FROM VOIDS TO COMA: THE PREVALENCE OF
PRE-PROCESSING IN THE LOCAL UNIVERSE
In this chapter, we examine the effects of pre-processing across the Coma Superclus-
ter, which includes 3505 galaxies over an area of 500 deg 2, by quantifying the degree
to which star-forming (SF) activity has been quenched as a function of environment. We
characterize environment using the two complimentary techniques of Voronoi Tessella-
tion, to measure the local galaxy density field, and the Minimal Spanning Tree, to define
continuous structures, and in doing so we map the components of the cosmic web with un-
precedented precision. We measure SF activity as a function of local density and the type
of environment (cluster, group, filament, and void), and we quantify the degree to which
the cluster, group, and filament environments contribute to the quenching of star-formation
activity. Our sample of galaxies covers over two orders of magnitude in stellar mass (com-
plete from 108:5 to 1011M), and consequently we trace the effects of environment on SF
activity for dwarf and massive galaxies, and we can distinguish the effects of so-called
‘mass quenching’ from ‘environment quenching’.
Environmentally-driven quenching of SF activity, measured relative to the void galax-
ies, occurs to progressively higher degrees for galaxies in filaments, groups, and clusters,
rather than being driven by a threshold density. This trend holds for dwarf (M  109:5M)
and massive (M > 109:5M) galaxies alike, although the overall fractions of quiescent
galaxies are greater in all environments for massive galaxies. A similar trend of increasing
quiescence in higher-density environments is also found using g r colors, but with a more
significant disparity between galaxy mass bins driven by increased internal dust extinction
in massive galaxies. We find that the star-formation rate (SFR) distribution of massive SF
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galaxies has no significant environmental dependence, similar to findings by other recent
studies. However, the SFR distribution of dwarf SF galaxies are found to be statistically
distinct in most environments. Using Sloan Digital Sky Survey (SDSS) spectroscopy, we
select 62 post-starburst (or k+A) galaxies in the Coma Supercluster, and find that they are
primarily dwarf galaxies residing in high-density environments. This work is uniquely
suited to examine galaxies covering a large range of masses with an unbiased tracer of SF
activity over a significant dynamic range of environmental densities. Our results show that
pre-processing plays a significant role at low redshift, as environmentally-driven galaxy
evolution affects at least half of the galaxies in the group environment, and a significant
fraction of the galaxies in the more diffuse filaments. Our study reveals the need for sen-
sitivity to dwarf galaxies to separate mass-driven from environmentally-driven effects, as
well as the use of unbiased tracers of SF activity.
2.1 Introduction
Studies of massive galaxy clusters and groups at z 1 typically find environments with
little-to-no star formation activity, in sharp contrast with the field. Over-dense regions are
dominated by red, passively-evolving S0 and elliptical galaxies, whereas more sparsely-
populated regions tend to have galaxies with spiral morphologies, younger stellar popu-
lations, and systematically higher star formation rates (Dressler, 1980; Postman & Geller,
1984; Pimbblet et al., 2002; Poggianti et al., 2006; Haines et al., 2007; Gavazzi et al., 2010;
Mahajan et al., 2010; Peng et al., 2010; Scoville et al., 2013). An observed trend of increas-
ing blue galaxy fraction with redshift (the ‘Butcher-Oemler’ effect; Butcher & Oemler,
1984) has been interpreted as evidence for higher star formation activity and stellar mass
build-up in higher redshift clusters – or alternatively, that star formation is quenched more
recently by one or more processes in over-dense regions.
Several physical mechanisms can account for the quenching of star formation in over-
dense regions (for a review, see Boselli & Gavazzi, 2006). Galaxies in environments with
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sufficiently low velocity dispersions can be strongly perturbed by mergers. Galaxies can
also be transformed more gradually by an ensemble of small perturbations with neighbors,
a process called harassment (Moore et al., 1999). Tidal forces can strip away a galaxy’s
halo gas (starvation; Larson et al., 1980; Balogh et al., 2000; Bekki et al., 2002), cutting off
a fuel source for future star formation and leading to a gradual decline in SF activity. In the
high-density cores of massive clusters, the hot (TX  10 keV) intra-cluster medium (ICM)
can quench star formation by removing gas from galaxies via ram-pressure stripping (Gunn
& Gott, 1972; Abadi et al., 1999; Quilis et al., 2000; Kronberger et al., 2008; Bekki, 2014).
The relative strengths of these physical mechanisms are strongly dependent on the cluster
or group properties (dynamical state, mass, and intra-cluster or intra-group medium) and
environment.
Targeted studies of galaxy clusters or groups at z  1 have revealed overwhelming
evidence that galaxy transformation occurs not just in dense cluster cores, but at lower
densities characteristic of cluster outskirts or galaxy groups (Zabludoff &Mulchaey, 1998).
Studies with star formation tracers in the IR (Fadda et al., 2000; Marcillac et al., 2007; Tran
et al., 2009; Bai et al., 2010; Biviano et al., 2011), UV (Just et al., 2011; Lu et al., 2012;
Rasmussen et al., 2012), and optical emission-line measures (Tran et al., 2005; Poggianti
et al., 2006) have shown evidence of pre-processing, whereby infalling galaxies undergo
changes prior to their arrival in the galaxy cluster, or galaxies are transformed entirely in
the group environment (Fujita, 2004; Bahe´ et al., 2013). The pre-processing hypothesis has
also been supported by studies of the environmental dependence on galaxy morphology
(Helsdon & Ponman, 2003; Poggianti et al., 2009b) and colour (Mok et al., 2013; Trinh
et al., 2013).
Numerical simulations have also been used to study the causes and implications of
galaxy pre-processing. Bekki & Couch (2011) showed that the dominant physical processes
galaxies are likely subjected to in group environments, specifically the frequent weak tidal
interactions of harassment, are capable of transforming late-type, disk-dominated galaxies
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into bulge-dominated, early-types. Furthermore, McGee et al. (2009) used simulations of
dark matter halo merger trees, with semi-analytic models (SAMs) to populate the haloes
with galaxies, and traced the histories of the simulated galaxies that ended up accreting
onto cluster-mass haloes in different epochs. In doing so, McGee et al. (2009) determined
what fraction of those cluster galaxies had resided in haloes characteristic of group-masses
for a long enough time to have been pre-processed prior to entering the cluster. The re-
sults of their simulation showed that at low redshift a large fraction of cluster galaxies
could have been affected by their environment prior to entering the cluster, while at earlier
epochs the fraction of pre-processed galaxies in clusters should steadily decline. The frac-
tion of cluster galaxies affected by pre-processing in the McGee et al. (2009) simulation
depends on the assumed timescale for the physical process(es) in group environments to af-
fect galaxies, and also has a stellar mass dependence. Although many assumptions go into
this simulation, the result highlights a key point that the role of pre-processing has likely
varied significantly over cosmic time, and that at z 0 pre-processing should be extremely
prevalent.
Recent studies have suggested that the quenching of SF activity in cosmic history is
primarily driven by two distinct, and possibly separable, components: secular evolution
(or ‘mass quenching’) and environmentally-driven processes (or ‘environment quenching’;
Baldry et al., 2006; Peng et al., 2010). However, see also De Lucia et al. (2012) for a dis-
cussion about how history bias affects one’s ability to disentangle mass- and environment-
quenching. Nevertheless, any attempt to examine the environmental dependence on galaxy
evolution must include a careful account for the possibility that one’s galaxy selection func-
tion has mass biases, particularly since the galaxy stellar mass function is known to vary
with environment (Cooper et al., 2010). Concerns about biases introduced by the galaxy
selection function are compounded when examining galaxies over a wide range in redshift,
as one’s sensitivity, in galaxy mass and in other properties, like SFR, will undoubtedly also
vary with z. As a result, in many of these studies that extend to higher-z one must restrict
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one’s sample to only massive galaxies with high SFRs, and thereby have a less complete
picture of the effects of environment on galaxy evolution. Furthermore, studies extending
to higher-z tend to sample a smaller dynamic range of environments, which similarly re-
duces one’s ability to draw general conclusions about environmentally-driven processes. A
comprehensive view of galaxy evolution in different environments must be sensitive to a
large dynamic range of local densities in order to capture not just the dense regions, like
clusters and groups, but the more diffuse filament and void regimes.
A key challenge faced when interpreting the many results examining galaxy evolution,
in addition to the aforementioned sources of potential bias, is the wide range of meth-
ods employed to characterize environment. Recently, Muldrew et al. (2012) used an ar-
ray of different environmental mapping techniques, which could be roughly grouped into
two categories: nearest-neighbor methods, which measure galaxy density with an aper-
ture that changes depending on the local galaxy density, and fixed-aperture techniques,
whose apertures do not vary, to examine a mock galaxy catalogue. Muldrew et al. (2012)
found that these techniques can analyze the same data set and get different results, but that
the nearest-neighbor methods appear to be optimal for mapping the density fields within
massive haloes, while the fixed-aperture methods are better suited for probing super-halo
distance scales. Therefore, the technique that is optimal to identify large scale structures
(LSS), like clusters, groups, and filaments, is not necessarily the best choice for measuring
the density fields within those structures.
In this chapter, we seek to quantify the role of pre-processing in the local universe
by analyzing the rest-frame color and star-formation activity of galaxies as a function of
environment over about three orders of magnitude in projected density in the Coma Super-
cluster. By focusing on a low-z field, we ensure that our sample of galaxies, taken from the
Sloan Digital Sky Survey (SDSS; York et al., 2000), is spectroscopically complete down to
dwarf masses (M 108:5M). Furthermore, we do not have to rely on photometric redshift
(photo-z) measurements, which would introduce additional contamination due to interlop-
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ers in our sample and significant smearing along the line-of-sight. To map the environments
of the supercluster, we employ two complementary techniques: Voronoi Tessellation (VT)
and the Minimal Spanning Tree (MST). The former is a nearest-neighbor-based approach,
which can measure the local density field effectively over the large dynamic range of den-
sities that we find in the Coma Supercluster. The latter technique is most effective at char-
acterizing continuous structures, like clusters, groups, and filaments, and therefore we use
the MST to differentiate the types of environment extending over super-halo scales. Our
combined VT and MST approach allows us to select discrete components of the cosmic
web by exploiting the fundamental density contrasts of the cluster, group, filament, and
void environments. Another benefit of the proximity of our target field is sensitivity to low
SFRs, as our combined approach of using the Galaxy Evolution Explorer (GALEX; Martin
et al., 2005) and Wide-Field Infrared Survey Explorer (WISE; Wright et al., 2010) to re-
cover unobscured and dust-obscured star-formation activity, respectively, across the entire
Coma Supercluster down to 0.02M yr 1.
Section 2.2 describes the Coma Supercluster and our sample selection process, with our
data from SDSS, GALEX, and WISE. In Section 2.3 we outline our techniques for mapping
the LSS in the Coma Supercluster, and in Section 2.4 we present our resulting SFRs and
comparisons of SF activity and colour versus environment. In Section 2.5 we discuss the
implications of our results, and compare our work to previous studies. Throughout this
paper we use cosmological parametersWL= 0:70,WM = 0:30, andH0= 70 km s 1 Mpc 1,
where pertinent cosmological quantities have been calculated using the online Cosmology
Calculator of E. L. Wright (Wright, 2006). Throughout we assume a Kroupa IMF (Kroupa,
2001), and hereafter we will refer to galaxies with stellar masses M 109:5M as dwarf
galaxies, and those with M >109:5M as massive galaxies.
10
2.2 Sample Selection
The Coma Supercluster is an ideal field to observe signatures of galaxy transforma-
tion in different environments. It contains two rich galaxy clusters, Abell 1656 and Abell
1367, and several galaxy groups distributed in a filamentary pattern between the two clus-
ters (Gregory & Thompson, 1978). Furthermore, the two clusters are in very different
dynamical states, with A1656 being relaxed and A1367 still undergoing significant merg-
ing (Donnelly et al., 1998; Girardi et al., 1998; Cortese et al., 2006). The close proximity of
the supercluster (z' 0:023) allows us to probe its galaxy population down to dwarf masses
(M  108:5M) with a spectroscopically complete sample, and the geometric alignment of
the supercluster, with the galaxy distribution extending largely perpendicular to our line-
of-sight (Chincarini et al., 1983), makes it an ideal case study to examine galaxies in a wide
range of environments with minimal projection effects.
Past studies of the Coma Supercluster have been primarily focused on the most massive
cluster, A1656. Its low redshift, high galactic latitude (b 88), and richness ensured that it
received a great deal of attention from observers in early extragalactic studies (see Biviano,
1998, and references therein). A significant substructure 1 Mpc SW of the centre of
A1656, which has since been positively identified as an infalling group (Neumann et al.,
2001), was noticed first by the high local concentration of galaxies centred on the galaxy
NGC 4839, and was later confirmed by a diffuse X-ray profile and radial velocities of
member galaxies. Caldwell et al. (1993) found a large number of ‘post-starburst’ (or k+A)
galaxies coincident with the NGC 4839 group, leading to the conclusion that the NGC
4839 group had experienced a burst of star formation  1 Gyr ago (Caldwell & Rose,
1997), possibly triggered by tidal effects of the group-cluster merging (Bekki, 1999). A
study by Poggianti et al. (2004), examining emission-line and k+A galaxies in the core
region of A1656, found a spatial correlation between these galaxies and known X-ray sub-
structures from Neumann et al. (2003), which indicates that stripping from the shocked
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ICM might be an important factor in triggering starbursts, and subsequent quenching, for
infalling galaxies.
Studies of the entire supercluster population had to wait for new all-sky surveys with
sufficient sensitivity to detect galaxies down to dwarf masses. Furthermore, a positive iden-
tification of supercluster members necessitates spectroscopic redshifts, which, prior to the
SDSS catalog, only existed for the most massive galaxies and those immediately around
the two clusters. Kauffmann et al. (2004) were the first to conduct an extensive survey
of the environmental dependence of star-formation activity in galaxies using the SDSS,
by comparing the SFRs, among other spectroscopic and photometric measures of galaxy
properties, to the local density around 122 000 galaxies in the SDSS Data Release One
(DR1). They found that for galaxies at fixed stellar masses, the SFRs sharply decline at
higher densities, and that the presence of an active galactic nucleus (AGN) is also much
more common in galaxies with greater local density. Haines et al. (2007) used  3 104
low-z galaxies in SDSS DR4, and showed a strong bimodal distribution between active
and passive SF activity, using the equivalent width EW(Ha), and determined that the pas-
sive galaxies preferentially lie in regions with higher local galaxy density. One of the
first major systematic studies of the environmental dependence of galaxy properties across
Coma, using spectroscopically-confirmed members, was by Gavazzi et al. (2010). They
used SDSS DR7 to select 4000 supercluster members, and characterised the local envi-
ronment around each galaxy by measuring the volume density of galaxies within a cylinder
of radius 1h 1Mpc and a half-length of 1000 km s 1 (but with a slightly modified treatment
of galaxies associated with the clusters, as described in Appendix A.2). They examined the
optical colours, morphologies, and frequency of post-starburst galaxies in different envi-
ronments, and found a weak dependence of galaxy colour and morphology with environ-
ment for the most massive galaxies and a strong dependence of colour and morphology on
environment for dwarf galaxies, and also that almost all post-starburst galaxies reside in
higher-density regions.
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Mahajan et al. (2010), using a similar sample of SDSS-selected members of Coma,
examined the local fraction of star-forming and AGN-hosting galaxies (characterised us-
ing SDSS spectral line measurements) vs local projected density. They found a similar
broad trend as Gavazzi et al. (2010), whereby star formation in dwarf galaxies is strongly
quenched at higher densities, and more massive galaxies show a weaker dependence on
local density. Mahajan et al. (2010) also used observations from Spitzer MIPS at 24mm,
which are available only for the core regions of A1656 and A1367, to obtain a complete ac-
counting of star formation activity in the highest-density regions of Coma. For A1656, the
more massive of the two clusters, they found significant IR detections only in the infalling
regions, and recovered the expected correlation between dust-obscured and unobscured
SFR with cluster-centric radius. However, for the less massive A1367 they found the re-
verse radial dependence for the fraction of star-forming galaxies when SF activity is derived
by the optical measure vs IR measure. This result seems to indicate that an accounting of
all tracers of SF activity, un-obscured and dust-obscured, may be required to get a clear
picture of the quenching of SFR in galaxies.
With the release of the WISE all-sky survey, we now have access to the IR component
of SF activity throughout the entire Coma Supercluster, and so this work presents the first
look sensitive to un-obscured and dust obscured SF activity for virtually all galaxies in
all environments of the Coma Supercluster, down to quiescent SFRs and with a sample of
galaxies spanning over two orders of magnitude in stellar mass. With our SFR sensitivity,
and our techniques for mapping the components of the cosmic web, we are in a position
to put significant quantitative constraints on the degree to which pre-processing affects
galaxies at z 0.
2.2.1 SDSS
Our sample of supercluster galaxies is selected from DR9 of the Sloan Digital Sky Sur-
vey (SDSS; York et al., 2000), which has mapped a large fraction of the sky in ugriz bands
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and performed an extensive optical spectroscopic campaign complete (over the SDSS cov-
erage areas) for galaxies with r < 17:77 mag. We select Coma Supercluster members from
the SDSS DR9 galaxy sample following the selection criteria used byMahajan et al. (2010),
choosing galaxies with positions (170  RA(J2000)  200, 17  DEC(J2000)  33)
consistent with the Coma Supercluster and line-of-sight velocities, cz, within 2000 km
s 1 of either A1656 (cz = 6973 km s 1) or A1367 (cz = 6495 km s 1), where the central
velocity of each cluster comes from Rines et al. (2003). To ensure no duplicate objects in
our sample, we use only galaxies with the SPECPRIMARY designation set. To be sure
that our sample is spectroscopically complete over the whole supercluster, we select only
galaxies with r 17.77 mag. We have also excluded any galaxies with a ZWARNING flag
to indicate a poor redshift determination (which affects less than one per cent of galaxies
in the sample). We also require detections in the WISE 3.4 and 4.5mm bands for our entire
sample (less than 1.5 per cent of our sample lacks detections in these two bands), and we
apply a stellar mass cut-off (using stellar masses calculated with WISE photometry, see
Section 2.2.3) such that all galaxies in our sample have M  108:5M. The M cut-off ex-
cludes just 130 galaxies, but it’s necessary to prevent our sample, which is r-band selected,
from being biased at the lowest galaxy masses towards only those dwarf galaxies which are
the most actively star-forming. These selection criteria result in a sample of 3505 galaxies
over the supercluster region covering 500 deg2 on the sky. Figure 2.1 plots the galaxy
positions over the supercluster. The virial radii for the two clusters plotted in Figure 2.1
come from the R200 (the radius within which the density is equal to 200 times that of the
critical density) values determined by Rines et al. (2003).
Having SDSS spectra for all of our galaxies, we can also mitigate the contributions
of galaxies dominated by an AGN, which can otherwise contaminate our SFR estimates.
Brinchmann et al. (2004) used the emission lines of the SDSS galaxy spectra to classify
galaxies according to a Baldwin, Phillips, & Terlevich (BPT) diagram (Baldwin et al.,
1981), which cleanly delineates those galaxies which host LINER and AGN emission com-
14
pared to those dominated by emission from HII regions. We use the Brinchmann et al.
(2004) classifications to identify galaxies dominated by AGN or LINER emission, and we
exclude theWISE 22mm observations from these galaxies when measuring their SF activity
throughout. Another benefit of having SDSS spectral information on our galaxies is access
to the ‘4000A˚ break’ index, Dn4000, which is a measurement of the ratio of the average
flux density in two narrow continuum bands, 3850-3950A˚ and 4000-4100A˚ (Balogh et al.,
1999). This index correlates strongly with the age of the stellar population in a galaxy, and
has been shown to be a robust proxy for separating quiescent ‘red sequence’ galaxies from
those that are more actively star-forming in the ‘blue cloud’, with the approximate dividing
line between these galaxy populations at Dn4000  1:6 (Treyer et al., 2007; Wyder et al.,
2007). Hereafter, we use measurements of Dn4000 for SDSS galaxies from Kauffmann
et al. (2003). We also make use of the Hd line, specifically the index HdA (Worthey &
Ottaviani, 1997; Kauffmann et al., 2003) which is described in greater detail in Section
2.4.4.
We correct the optical-to-NIR band photometry for reddening using the Schlegel et al.
(1998) extinction maps, assuming the extinction curve of Cardelli et al. (1989) with RV=3.1.
For the GALEX bands we used the extinction corrections of Wyder et al. (2007). We ap-
plied k-corrections to our photometry using kcorrect v4 2 (Blanton & Roweis, 2007) to get
all UV-through-NIR photometry into the rest frame.
2.2.2 GALEX
We measure the un-obscured component of SF activity in Coma Supercluster galaxies
from the Galaxy Evolution Explorer (GALEX; Martin et al., 2005) GR6/GR7 data release,
which includes mappings of the supercluster in Near-UV (NUV; 1750-2750 A˚) and Far-
UV (FUV; 1350-1750 A˚) bands. Matching the SDSS galaxy catalogue to GALEX was
done using the Mikulski Archive for Space Telescopes (MAST) database, with a 400 search
radius centred on the SDSS galaxy positions. In cases of multiple GALEX matches within
15
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Figure 2.1 The Coma Supercluster. Member galaxies are selected from the SDSS as de-
scribed in Section 2.2.1. The two massive clusters (NE: A1656, SW: A1367) are identified
by the red circles, which have radii equal to their virial radii. The virial radii come from
R200 measurements in Rines et al. (2003).
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the search radius, the GALEX match with a position closest to that of the SDSS galaxy
coordinate was used. The GALEX bands are most sensitive to the photospheric emission of
stars with masses  5M, and thus the UV continuum measurements provide an excellent
tracer of recent star formation. Under the assumption of a star formation timescale that’s
long relative to the ages of these massive stars (tSF > 108 yr), and a chosen IMF, one
can derive a SFRUV corresponding to a given LUV . The conversion between an observed
luminosity and a SFR will be accurate as long as the emission picked up in one’s UV band
is dominated by the light of stars younger than 108 years. Although the FUV and NUV
bands are both dominated by emission from young stars, if there is recent or on-going SF
activity, the NUV band contains a greater fraction of contaminating flux from stars as old
as 109 years (Hao et al., 2011; Johnson et al., 2013).
Our survey covers roughly 500 sq. degrees, and so it is unsurprising that the GALEX
observation depths vary greatly across the supercluster. Almost the entire supercluster has
been mapped with GALEX at various depths, but about 5 per cent of our galaxy sample of
supercluster members do not lie in a GALEX coverage area. The galaxies that are outside
of GALEX coverage regions are flagged so that they are excluded from further analysis
involving SF activity in the supercluster, as the SFRs we measure from WISE alone will
necessarily be lower limits. The shallowest observation with GALEX in Coma has an ex-
posure time of just 60 seconds, while the deepest is about 3104 seconds. Therefore, to
ensure that the sensitivity of our catalogue to SFRUV is uniform across the supercluster,
we must carefully account for the variation in completeness due to differences in survey
depth. We measure completeness in a representative sample of GALEX NUV and FUV
maps in Coma, including the shallowest maps, by extracting a supercluster galaxy detected
in the map and re-inserting that galaxy, with a range of normalizations, into the maps. For
each normalization, we insert 100 of these ‘fake’ galaxies into a FUV and NUV map with
random positions, and then repeat 100 times for a total of 104 randomly placed galaxies per
flux bin. We then run Source Extractor (Bertin & Arnouts, 1996) on each of the 100 maps
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Figure 2.2 UV completeness in the Coma Supercluster. We plot completeness as a function
of flux density for the shallowest GALEX mappings of the Coma Supercluster. In blue we
plot the completeness in the FUV band, and in red the NUV. The two vertical dashed lines
indicate the flux corresponding to 75% completeness, with the upper x-axis denoting the
corresponding SFRUV at the mean redshift of our Coma Supercluster sample.
per flux bin to determine the fraction of the ‘fake’ galaxies that we recover as a function of
flux density. Figure 2.2 shows the completeness that we measure for the shallowest FUV
and NUV map (with 60 second exposure time) of the Coma Supercluster. We have taken
the fluxes corresponding to 75 per cent completeness in the shallowest FUV and NUV
maps (indicated by vertical dashed lines in Figure 2.2), and we exclude any UV data for
galaxies detected with fluxes below these completeness thresholds from our results. The
completeness limit in NUV indicates that our Coma Supercluster catalogue is 75% com-
plete to SFRUV > 0:02M yr 1 in all environments.
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As Figure 2.2 shows, our SFR sensitivity in the Coma Supercluster is far greater in the
NUV than in the FUV, and therefore we choose to use the NUV band to derive SFRs. To
avoid having our SFR estimates significantly skewed by the presence of an older stellar
population, which can contaminate the NUV band to a greater degree than in the FUV,
we will ignore NUV-based SFR estimates for any galaxy whose SDSS spectrum shows a
strong ‘4000 A˚ break’, based on Dn4000> 1:6. This is explored in detail in section 2.4.1.1.
2.2.3 WISE
A complete measure of SFR, especially for galaxies with reasonably high dust content,
must include dust-obscured (indirect) tracers of SF activity. A significant step forward
in the measurement of star-formation activity in the Coma Supercluster has recently been
made possible with the all-sky data release from the Wide-field Infrared Survey Explorer
(WISE; Wright et al., 2010), which has mapped the mid-infrared sky in four bands (W1-
W4) centered at 3.4, 4.6, 12.0, and 22.0mm. Of particular interest to our analysis is the
fourth band, which probes the blue-ward side of the dust emission curve in star-forming
galaxies. We match our SDSS catalogue to the WISE point source catalogue by searching
in a 500 radius around each SDSS galaxy position, and selecting the WISE match whose
position is closest to that of the SDSS galaxy. For galaxies matched to the WISE point
source catalogue, we ignore W4 fluxes whose signal-to-noise in W4 is less than three.
We measured completeness in W4 for a representative sample of the Coma Supercluster,
following the procedure outlined in Section 2.2.2. For WISE W4 we are 75% complete
to f[22]  4.7 mJy, which means our measurements of SFRIR are complete to SFRIR >0.2
M yr 1 for members of the Coma Supercluster (at LIR  2:1108L). For comparison,
the only survey prior to WISE capable of detecting dust-obscured star formation activity
across the entire supercluster was IRAS (Neugebauer et al., 1984), whose completeness
limit for LIR at Coma with its 25mm band is a full two orders of magnitude higher (LIR 
51010L).
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The two shortest-wavelength WISE bands, which sample the red side of the 1.6 mm
stellar photospheric feature, can be used to robustly estimate total galactic stellar masses
(M). Recent work by Eskew, Zaritsky, & Meidt (2012) gives a calibration between flux
densities measured in Spitzer IRAC ch1 and ch2 and a galaxy’s stellar mass (assuming a
Salpeter IMF). We have applied the Eskew et al. (2012) calibration, converted to a Kroupa
IMF to be consistent with the rest of our study, using the WISE bands W1 and W2. In
Figure 2.3 we plot a comparison between the stellar masses of Coma Supercluster galaxies
using the Eskew et al. (2012) calibration with W1 + W2 photometry and the stellar mass
estimates from the SDSS (Kauffmann et al., 2003), where we find excellent agreement
between these two independent measures of stellar mass.
2.3 Mapping the Supercluster Environment
A key component of our analysis is to characterize the local environment in a phys-
ically meaningful way. Typically, this approach has involved a calculation of the local
surface (2D) or volume (3D) density of galaxies to describe the environment near a given
galaxy based on the local density. A proper characterization of environment requires not
just a measurement of the local galaxy density, but a technique to resolve the structures
(groups, filaments, etc.) traced by galaxies. The latter task can be very difficult, as LSS
mapping techniques are often susceptible to biases introduced by a characteristic shape or
size scale one is examining. We have developed a technique to map LSS and characterize
galaxy environments in a manner which is independent of the shape and size scale of the
structure, and allows one to estimate local projected galaxy density over an arbitrarily large
dynamic range of densities, by using a combination of Voronoi Tessellation (to calculate
local surface density) and the Minimal Spanning Tree (to resolve continuous structures).
20
8.5 9.0 9.5 10.0 10.5 11.0 11.5
log(M
*
)SDSS [ MO • ]
8.5
9.0
9.5
10.0
10.5
11.0
11.5
lo
g(M
*
) WI
SE
 
[ M
O •
 
]
Figure 2.3 Stellar mass estimates from WISE and the SDSS. We compare stellar masses
from the WISE bands W1 + W2 (using the calibration of Eskew et al., 2012, converted to
a Kroupa IMF) versus estimates from Kauffmann et al. (2003) (using fits of SDSS spectra
to stellar population synthesis models, and also with a Kroupa IMF) for galaxies in the
Coma Supercluster. The solid line denotes a 1:1 correlation, and the dashed lines denote
the boundaries of a systematic over- or under-prediction of a factor of 10.
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2.3.1 Voronoi Tessellation
VT is a method of decomposing a set of points into polygonal cells (Voronoi cells),
where each cell corresponds to one point and the boundaries of the cell enclose all of
the surrounding space closest to that point. VT has proven to be a very powerful tool
for characterizing the galaxy density field (e.g., Platen et al., 2011; Scoville et al., 2013).
When using a 2D surface density measurement to define the local galaxy density, one must
be careful to not allow projection effects to significantly contaminate the density estimates.
To help mitigate this we are using only spectroscopically-confirmed members. We show in
Appendix A.2 that our surface densities in the Coma Supercluster correlate strongly with
volume density estimates calculated following the procedures of Gavazzi et al. (2010). For
an additional strong demonstration of the effectiveness of surface density measurements as
tracers of the volume density, see Figure 1 of Gallazzi et al. (2009), which shows a tight
correlation between surface density and volume density over about two orders of magnitude
in density being probed in the Abell 901/902 supercluster.
A common challenge when trying to measure the galaxy density field is determining
the area (or volume) over which to measure the density at each galaxy’s position. Often the
density measurements are made on a size scale set by the nth nearest neighbor or by using
a characteristic kernel with an adaptive size scale. Although these methods have flexible
size scales, the shape of the region used to calculate the density field is generally fixed.
Calculating densities reliably over a very large dynamic range of environments requires
a technique that can adjust to arbitrary size scales and local geometry. VT addresses the
difficulty of needing both adaptive size and shape by using cells which automatically adjust
to the nearby density, and which assume no a priori shape. In regions of lower source
density the cells are larger on average, and the cells get progressively smaller in higher
density regions. With VT, one can calculate the local density around a given galaxy’s
position by taking the inverse of the area of the cell that encloses that galaxy.
22
We compute the VT of the Coma Supercluster using the QHULL function (Barber et al.,
1996) in IDL, which calculates convex hulls for the 2D distribution of points. A common
issue with VT, and with any method of measuring the local density field, is spurious den-
sity estimates arising near the edges of the map, where many cells can be artificially large
or even unbounded. We avoid this issue entirely by adding galaxies from the SDSS DR9
in a 10 degree-wide ‘buffer’ surrounding our Coma Supercluster map, which all have red-
shifts consistent with Coma and the same selection criteria defined in Section 2.2.1, when
calculating our VT. We then exclude these buffer galaxies from further analysis, so the
only purpose of these galaxies is to ensure that we do not suffer any edge effects in our
supercluster dataset. In Figure 2.4 (Top) we plot the Voronoi cells over the supercluster.
We compare the distribution of cell densities in the supercluster to a set of 1500 maps
generated with source positions randomly distributed, but each with an equal number of
sources and an area equal to the Coma Supercluster map. In Figure 2.4 (Bottom) we show
the cumulative distribution of cell densities observed in Coma compared to the mean cu-
mulative distribution of projected Voronoi cell densities for the set of random realizations.
These random maps are necessary to establish a baseline density with which to compare
our observed Voronoi cell densities in Coma.
Figure 2.4 (Bottom) highlights a couple of key differences between the cell density
distribution of the observed supercluster population and that of the random realizations.
As one would expect, since the supercluster contains regions of extremely high galaxy
density, there is a much larger fraction of cells with densities upwards of 100  1000 gal
h2 Mpc 2 than in the random distributions. But we also find that there is a larger fraction
of cells in the Coma Supercluster at very low densities, around 1  10 gal h2 Mpc 2, as
a more clustered population implies that one finds more prominent voids as well. The
cumulative distribution of projected cell densities in our full Coma catalogue gradually
increases over a density range of log(S) = 0:5  3:5 [gal h2 Mpc 2], meaning that our
supercluster map samples about three orders of magnitude in projected galaxy density. The
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random distributions tend to sample about one order of magnitude in galaxy density with
any appreciable number of cells. VT measures the density field across the huge dynamic
density range of the supercluster, but it is less effective at resolving continuous structures.
Therefore, we now turn to the complementary approach of the MST.
2.3.2 The Minimal Spanning Tree
The MST is a technique for examining the local clustering properties of a distribution
of points. The technique was first used for astronomical data analysis by Barrow et al.
(1985), and was instrumental for the first statistically rigorous detection of a filamentary
structure on cosmological scales, seen in the CfA catalogue (Bhavsar & Ling, 1988). The
MST technique has been used fairly sporadically over the past couple of decades, but it has
been put to use in a variety of astronomical contexts in recent years (e.g., Colberg, 2007;
Gutermuth et al., 2009; Adami et al., 2010; Durret et al., 2011). Recently, a study of the
Galaxy And Mass Assembly (GAMA; Baldry et al., 2010; Driver et al., 2011) fields by
Alpaslan et al. (2014a) used the MST to trace filamentary structures by using the positions
of galaxy groups identified previously in their fields.
If we treat a distribution of galaxies as nodes, and connect all nodes with branches
(straight lines) such that no two branches cross paths, then we have constructed a spanning
tree. There are many possible configurations a spanning tree can manifest given a series of
nodes, but a spanning tree whose total branch length is a minimum is a MST. To construct a
MST from the distribution of galaxies in the Coma Supercluster, we use a custom IDL code
written by R. Gutermuth (see Gutermuth et al., 2009). In order to extract structures from
a MST we must select a critical branch length, lcrit , chosen so that subsets of the spanning
tree with nodes connected entirely by branches of length l lcrit are separated (pruned, if
you will) from the tree and considered a distinct structure of nodes. In this manner, we
can identify continuous structures traced by the galaxy distribution, such as filaments, clus-
ters, and groups, with any arbitrary shape, exploiting the changes in the local clustering
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Figure 2.4 Voronoi Tessellation of the Coma Supercluster. (Top) VT of the Coma Super-
cluster, with cells colour coded by the density parameter d , derived from the figure to the
right. (Bottom) Cumulative distributions of Voronoi cell projected densities in Coma (black
solid line). We also plot the mean cumulative distribution of Voronoi cell surface densities
for an ensemble of random maps generated with the same number of sources and same area
as our Coma supercluster sample (red solid line). The median density of the ensemble of
random maps is denoted by the vertical dashed line. The density indicated by the dashed
line serves as the baseline for measuring d for the top figure.
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properties associated with the angular power spectrum. There are two free parameters used
to extract structures from a MST: lcrit and the minimum number of nodes necessary in a
structure (throughout our analysis we use a minimum number of eight galaxies to avoid
any chance of projection effects leading to false positives). In Figure 2.5 (Top) we show
our MST of the Coma Supercluster. Figure 2.5 (Bottom) gives the cumulative distribution
of branch lengths in our MST of Coma, and also plots the mean cumulative distribution of
branch lengths from a MST computed over the ensemble of random realizations described
in Section 2.3.1. Our cumulative branch length distribution fundamentally mirrors the cu-
mulative distribution of Voronoi cell densities, with large branches corresponding to low
cell densities, and vice-versa.
In Figure 2.4 we saw that the galaxies in our supercluster reside in an extremely wide
range of local densities. We can therefore expect that the characteristic clustering scales
of galaxies in the supercluster also vary greatly with environment. To identify structures
ranging from dense clusters to diffuse filaments and voids traced by the galaxy distribu-
tion we must apply a multi-tiered approach to our mapping of the environment with the
MST, whereby multiple critical branch lengths are used to select structures of different
characteristic densities. Our aim is to identify clusters, groups, filaments, and voids in the
Coma Supercluster, and so we choose two particular critical branch lengths for our analysis,
lcrit1 and lcrit2; the former branch length is chosen to delineate the boundary between clus-
ters/groups and the filaments, while the latter is selected to represent the boundary between
the filaments and voids.
To choose lcrit1, we consider that groups and clusters should have a minimum projected
density of40 galaxies h2 Mpc 2 (this would vary depending on the depth of one’s survey,
but in our case it’s a reasonable estimate). Then we note that the projected density of 40
galaxies h2 Mpc 2 corresponds to a cumulative fraction of 0.41 in our Voronoi cell density
distribution (see Figure 2.4). And since the MST branch length distribution mirrors the
Voronoi cell density distribution, the approximate branch length that would correspond to
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the density threshold of 40 galaxies h2 Mpc 2 can be found at a MST branch cumulative
fraction of 0.59. For our MST of the Coma Supercluster, the branch length at a cumulative
fraction of 0.59 is 51600, or0.25 Mpc at the distance of the Coma Supercluster. Therefore,
we identify structures in the MST corresponding to clusters and groups by choosing sub-
sets of the tree which are all connected by branches of length l 51600, and which consist
of at least eight members. Any such structure whose central position is within the virial
radius of A1656 or A1367 is labeled as part of a galaxy cluster, while any structure located
beyond the virial radii of the two clusters is labeled as a distinct galaxy group. Applying
these selection criteria, we identify 741 cluster galaxies and 716 group galaxies out of the
3505 galaxies in our supercluster sample. In practice, our method of identifying continuous
structures via the MST is very similar to the Friends of Friends (FoF) algorithm (Huchra
& Geller, 1982; Geller & Huchra, 1983), but with only galaxy surface densities being
considered. To explicitly verify the similarities between the MST and FoF approaches, we
applied the FoF algorithm to our Coma Supercluster sample using a linking length equal to
lcrit1, and find the same cluster and group structures are identified as with the MST.
The population of galaxies residing in filaments in our map can then be selected as those
in structures connected by branches of length 51600<llcrit2. The determination of lcrit2, as
with lcrit1, is complicated by the fact that there exists no clearly-defined delineation between
populations of filament and void galaxies. However, to define lcrit2 we follow an approach
similar to what we described previously. We begin by choosing an approximate projected
density threshold corresponding to the transition between filament and void galaxies, which
in this case we have taken as 10 galaxies h2 Mpc 2. Then we identify the cumulative
fraction of Voronoi cells in Coma corresponding to that density (0.13), and therefore take
lcrit2 as the branch length corresponding to a cumulative fraction of 0.87 in our cumulative
branch length distribution, which is 128600, or0.61 Mpc at Coma. Using a lcrit2 of 128600,
and a minimum of eight galaxies per structure, and excluding any galaxy already identified
as part of a group or cluster, we find 1292 galaxies residing in filaments in the Coma
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Supercluster. Finally, we select void galaxies as anything which has not been identified as
a member of a cluster, group, or filament. This is generally any galaxy whose separation
from its nearest neighbor is greater than lcrit2, but it also can include groupings of fewer than
eight galaxies separated by less than the aforementioned critical branch lengths. Overall,
we select 735 void galaxies in our Coma Supercluster sample.
One reasonable concern about this technique is that it can produce environmental de-
mographics that differ depending on the choices for characteristic densities (e.g., if we had
used 50 galaxies h2 Mpc 2 to identify lcrit1 instead of 40, we would have fewer galaxies in
the clusters and groups and more galaxies in the filaments), and therefore different conclu-
sions might be drawn about the environmental dependence on galaxy evolution. We address
this concern in Appendix ??, by showing that our results are insensitive even to large varia-
tions in the choices for lcrit . Figure 2.6 shows a map of the Voronoi cells of the Coma Super-
cluster color-coded to show cluster (red), group (green), filament (blue), and void (purple)
galaxies. Our sample of 3505 Coma Supercluster galaxies is split such that we have ap-
proximately 20/20/40/20 per cent in the cluster/group/filament/void environments. In Table
2.1 we present the basic statistics of the four environments, including total surface areas,
mean projected densities, and overall star-formation activity. These four environments also
generally differ in terms of the stellar mass content of their constituent galaxies. Figure 2.7
presents the distribution of galaxy stellar masses in each of the four environments, which
shows that the cluster and group environments are skewed towards higher-mass galaxies
than the filament and void populations. When we run a Kolmogorov-Smirnov (KS) test
comparing the stellar mass distributions of galaxies in each pair of environments, we find
that only the stellar mass distributions of the cluster and group environments are consistent
with being drawn from the same distribution (pKS = 0:85 for cluster-group). Running a KS
test comparing all pairs of environments except for cluster-group yields pKS  1 10 4,
indicating statistically distinct stellar mass distributions.
28
200 195 190 185 180 175 170
RA (°)
20
25
30
D
EC
 (°
)
10 h−1 Mpc
A1656
A1367
−2.5 −2.0 −1.5 −1.0 −0.5 0.0
log(l) [h−1 Mpc]
0.0
0.2
0.4
0.6
0.8
1.0
Cu
m
ul
at
ive
 F
ra
ct
io
n
Figure 2.5 Minimal spanning tree of the Coma Supercluster. (Top) MST of the Coma
Supercluster, with the branches connecting galaxies drawn as solid lines. (Bottom) The
cumulative distribution of MST branch lengths for the Coma Supercluster (black). Also
plotted (in red) is the mean cumulative branch length distribution for the 1500 random
maps.
29
Table 2.1 Environments of the Coma Supercluster. The different environment categories
are defined using the MST technique, as outlined in Section 2.3.2. Column 3 gives the
total area of the Voronoi cells of the galaxies in each environment. Column 4 gives the
mean Voronoi cell surface density of the galaxies in each environment. Column 5 gives the
log of the average specific SFR (SSFR=SFR/M) of galaxies in each environment, taken
as the sum of the SFRs of the galaxies in each environment (excluding galaxies which are
dominated by an AGN, see Section 2.4.1, and those which are not in GALEX coverage
areas) divided by the sum of the stellar mass of all galaxies in that environment (excluding
the galaxies not in GALEX coverage areas).
Environ. Ngal Area <S> log(<SSFR>)
(h 2 Mpc2) (h2 Mpc 2) [yr 1]
Cluster 741 19.5 108.5 -11.26
Group 716 57.5 38.7 -11.06
Filament 1292 423.6 6.3 -10.60
Void 756 891.0 1.7 -10.42
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Figure 2.6 Environments of the Coma Supercluster. Voronoi cells are colored by MST-
defined environments, with cluster (red), group (green), filament (blue), and void (purple)
galaxies selected as described in Section 2.3.2.
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Figure 2.7 Stellar mass distributions of Coma Supercluster environments. (Top) The dif-
ferential distribution of galaxy stellar masses for each of the four environments presented
in Section 2.3.2. (Bottom) The stellar mass distributions of each of the four environments
plotted in terms of the fraction of galaxies within each environment. The denser environ-
ments are skewed towards more massive galaxies, while the less dense environments have
a higher relative fraction of dwarf galaxies.
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2.4 Results
2.4.1 SFRs
2.4.1.1 GALEX
As previously indicated in Section 2.2.2, the UV coverage across the supercluster varies
widely, and our completeness limits in the areas with the shallowest coverage do not afford
us great SFR sensitivity in the FUV band, but the depths of the observations are much more
favorable for the NUV. Measurements of SF activity in the UV with GALEX typically uti-
lize the FUV band rather than the longer-wavelength NUV, because the NUV is known to
suffer greater contamination by flux from older stellar populations with ages t 200Myr
(Hao et al., 2011). However, Johnson et al. (2013) find that the degree to which the NUV lu-
minosity of a galaxy is contaminated by an older stellar population strongly correlates with
the star-formation history (SFH) of the galaxy. Therefore, we use the Dn4000 measure-
ments from the SDSS spectra to directly examine the effect of SFH on the SFRs calculated
with FUV and NUV. To get SFRs for FUV and NUV we use the following equations, both
of which are derived from the Kennicutt (1998) calibration for a Kroupa IMF:
SFRFUV
M yr 1
= 4:4210 44

LFUV
erg s 1

(2.1)
SFRNUV
M yr 1
= 7:5710 44

LNUV
erg s 1

: (2.2)
Note that there are two effects we must account for if we wish to use the NUV to reliably
estimate SFRs. The first is the difference in the internal extinction of our galaxies in the
FUV and NUV, and the second is the differing contaminations of older stellar populations
on the SFR estimates. Both of these effects can be addressed by examining a comparison
between SFRFUV and SFRNUV , as shown in Figure 2.8.
From Figure 2.8 (Top) we find that overall the SFRs calculated from Equations 2.1
and 2.2 show an over-prediction of the SFRNUV relative to SFRFUV because of a com-
bination of the two effects described previously. The contamination due to older stellar
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Figure 2.8 NUV SFR calibration. (Top) Comparison between SFRs calculated using Equa-
tions 2.1 and 2.2. The black points are galaxies with Dn4000 < 1:6, while the red points
have Dn4000  1:6. The vertical dashed line indicates the 75% completeness threshold
for SFRNUV in the shallowest coverage area for the supercluster. The blue line indicates
a best-fitting to the distribution of galaxies with Dn4000 < 1:4, which are dominated by
young stellar populations. (Bottom) The extinction-corrected SFR comparison for galaxies
with Dn4000< 1:6.
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populations clearly causes a very large (upwards of a factor of 10 in some cases) over-
prediction, and with a large spread for galaxies with Dn4000  1:6. However, the galax-
ies with Dn4000 < 1:6 predominantly lie along an approximately flat distribution offset
slightly from a 1:1 correlation with SFRFUV . This slight offset exhibited by the galaxies
dominated by younger stellar populations is caused by the difference in internal extinction
in these galaxies between the FUV and NUV bands, and so we can bring the NUV-based
SFRs in close agreement with those from the FUV by applying a correction to all LNUV
calculations. Our NUV extinction-corrected SFRs therefore come from the equation 2.2
after correcting LNUV for internal dust extinction. However, as the NUV clearly becomes
unreliable as a SFR indicator when Dn4000 1:6, we only consider the UV component of
SFRs for galaxies with Dn4000< 1:6.
2.4.1.2 WISE
To calculate the infrared SFR from W4 luminosities, we use the calibrations devised
for MIPS 24mm presented in Murphy et al. (2011) [equation 5]:
SFR22mm
M yr 1
= 5:5810 36

nLn(22mm)
erg s 1
0:826
: (2.3)
Goto et al. (2011) conclusively established that the MIPS-SFR calibration is accurate with
theW4 band with just a 4% scatter, well within the typical uncertainties of SFRIR estimates.
To verify the accuracy of our SFRIR measurements, we obtained 70mm observations made
with the PACS instrument (Poglitsch et al., 2010) on the Herschel Space Observatory (Pil-
bratt et al., 2010) over a subset of the Coma Supercluster. The observations we obtained
(PI: C. Simpson) cover 1.75 sq. degrees centered on A1656. We downloaded the level 2 5
processed data products using the Herschel Interactive Processing Environment (HIPE, Ott,
2010) tool, and extracted sources and fluxes within HIPE using the source extractor SUS-
SEXtractor (Savage & Oliver, 2007). After matching the Herschel sources to our Coma
Supercluster catalogue, we measured comparison SFRIR values using the calibration of
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Calzetti et al. (2010), and found that these comparison SFRs are in good agreement with
the SFRs we calculate with Equation 2.3.
2.4.1.3 GALEX + WISE
Utilising both the IR and UV measures of SFR, we can estimate the total bolomet-
ric SFR, assuming that SFRtot = SFRIR + SFRUV , following equation 9 of Murphy et al.
(2011), but for NUV rather than FUV:
SFRtot
M yr 1
= 7:5710 44

LNUV +0:88LIR
erg s 1

: (2.4)
For any galaxy detected in WISE W4 but not in NUV (or if the NUV flux is below the
completeness threshold described in Section 2.2.2), we calculate its SFR using equation
2.3, assuming that SFRtot 'SFRIR. Similarly, when a galaxy is detected in NUV but not in
W4 we use equation 2.2, but in cases of detections in both NUV and W4 we use equation
2.4.
Out of the 3505 galaxies in our Coma Supercluster sample, 1039 are detected in WISE
W4with a S/N of at least 3.0, but 131 of these galaxies have spectra indicative of a dominant
AGN. Therefore, we have the IR contribution to SFRs measured for 908 galaxies. Although
3139 galaxies are detected in the NUV in our sample, only 2703 galaxies have a NUV flux
above the completeness threshold shown in Figure 2.2. Therefore, we measure the UV
component of SFR only for these 2703 galaxies. All together, we have SFR measurements
for 2798 galaxies: 95 with SFRs measured only in WISE W4, 1890 with SFRs measured
only in NUV, and 813 whose SFRs are derived from a combination of NUV and W4.
2.4.2 SFR versus Environment
Next we examine the SFRs of Coma Supercluster galaxies as a function of environ-
ment using two complementary approaches: by calculating the fraction of galaxies in each
environment that are star-forming and by examining the specific SFR (SSFR=SFR/M)
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and SFR distributions of star-forming galaxies in each environment. Hereafter we define
galaxies as ‘star-forming’ (SF) if they have log(SSFR)-11[yr 1] and, to avoid potential
over-estimation of SFR from contamination of the NUV by an older stellar population,
Dn4000 < 1:6. Our choice for SSFR threshold was motivated by our observation, as in
other studies (e.g., Wetzel, Tinker, & Conroy, 2012), that the galaxy population shows dis-
tinct bimodality about SSFR'10 11 yr 1. Adjusting the threshold by which we define a
galaxy as SF, e.g. by using the Elbaz et al. (2011) ‘star-forming main sequence’, systemat-
ically shifts the fractions of SF galaxies in each environment but does not affect the overall
trends of SF activity versus environment in our study.
2.4.2.1 SF Fraction versus Environment
Figure 2.9 (Left) plots SFR versus stellar mass for galaxies in the cluster, group, fila-
ment, and void environments, overlaid with lines of constant SSFR. As we would expect
from the established SFR-density relation at low-z, the denser environments are host to a
significant fraction of quiescent galaxies, which are found below the log(SSFR)=-11 [yr 1]
line in the four panels of Figure 2.9 (Left). Conversely, we find a large fraction of the galax-
ies at low-density environments are SF. As stated in Section 2.2.2, 5 per cent of our sample
of supercluster members do not lie in areas mapped by GALEX, and we therefore lack sen-
sitivity to total SFRs for these galaxies. The galaxies not mapped by GALEX are excluded
from Figure 2.9. To examine the differences between star-formation activity in each envi-
ronment quantitatively, and separate from dependence on mass, we calculate the fraction of
galaxies that are SF in each environment separately for dwarf and massive galaxies. Figure
2.9 (Right) plots the fraction of SF galaxies as a function of the mean density (from the
Voronoi cell densities) of each of the four environments. We include horizontal error bars
by fitting a Gaussian to the cell density distribution in each environment, and defining the
1s error as the standard deviation of the best-fitting Gaussian to each. To get vertical error
bars in our plot of SF fractions, we measured bootstrapped errors by resampling the galaxy
36
populations of each environment 1000 times, allowing for repeats, and we estimate the 1s
error on the SF fraction in each environment by measuring the standard deviation of the
1000 SF fractions from the resampled sets.
We find a steady decline in the fraction of SF galaxies as a function of density from the
void to the cluster environment, with 96% (65%) of the dwarf (massive) galaxies SF in the
voids and 25% (11%) of the dwarf (massive) galaxies SF in the clusters. The ‘mass quench-
ing’ effects can be seen separately from ‘environment quenching’, as the mass-dependent
effects are reflected in the different normalizations of the trends in Figure 2.9. This result
strongly indicates that environmental factors play a role in quenching star formation activ-
ity in higher-density environments, and that the group environment is undoubtedly a part of
this quenching. Interestingly, we also see a statistically significant decline, in both dwarf
and massive populations, in the fraction of SF galaxies between the void and the filament,
which is not commonly considered as a site of environmentally-driven galaxy evolution.
Indeed, most studies of the evolution of galaxies versus environment focus on over-dense
regions, and would group everything we classify as filament and void galaxies together as
‘the field’.
There are some ways in which our technique for identifying LSS could introduce an
artificial trend showing a decline in the fraction of SF galaxies in the filament relative
to the void. If our selection of lcrit1, which defines the threshold between cluster/group
and filament galaxies, is too short, then there will be cluster or group galaxies mistakenly
identified as being part of the filament environment. And if cluster and group environments
are intrinsically composed of a higher fraction of quiescent galaxies, then their mistaken
inclusion in the filament population would introduce a slight bias towards lower SF fraction
in the overall filament population. Furthermore, if the filament environment contains small,
compact groups of galaxies, consisting of fewer than eight galaxies in close proximity to
each other, these small groups would be ignored by the MST algorithm when identifying
groups, and they would likely end up labeled as filament galaxies. If these small groups also
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contain a higher fraction of quiescent galaxies than the overall filament population, then
they will contaminate the SF fraction of the filament population. However, in Appendix
A.1 we show that our results, including the lower SF fraction in the filament relative to
the void, are still seen over a wide range of lcrit values that result in unnaturally large, and
unnaturally small, cluster and group populations, and that our results hold when requiring
a minimum of just four galaxies (rather than eight) per structure identified with the MST.
2.4.2.2 SFR Distribution versus Environment
One method of examining possible environmental impact on SF activity is to compare
the SFR or SSFR distributions of SF galaxies in each environment. Doing so can help
reveal the timescale of any environmentally-driven quenching mechanism(s), as observing
a distinct change in SSFR distribution of SF galaxies versus environment would indicate
that quenching can occur on relatively long timescales. Wetzel et al. (2012) examined
the SSFR distributions of satellite galaxies (where ‘satellite’ refers to a galaxy that is not
the central galaxy of a host halo) of stellar masses M 109:7M residing in haloes of
masses Mhalo = 1011:5  1015M, selected using a ‘group-finder’ algorithm with SDSS
data, to determine whether there are trends in the quenching of SF activity of satellites
related to the host halo mass, satellite galaxy mass, or the halo-centric radius. Wetzel et al.
(2012) show bimodal SSFR distributions with progressively lower fractions of SF galaxies
residing in haloes of increasing mass, for all satellite mass bins in their sample, and they
find no evidence of a change in the SSFR distribution of SF galaxies across their sample.
Similarly, Peng et al. (2010) found no evidence that the SSFR distribution of SF galaxies
depends on environment, using a sample of galaxies taken from the SDSS over the redshift
range 0.02< z <0.085. However, the Peng et al. (2010) SDSS sample is biased towards
massive galaxies, as at z = 0:085 it is complete only to M 1010:4M. They apply a
weighting scheme to lower-mass galaxies by 1/Vmax to correct for incompleteness, but this
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Figure 2.9 Star-forming fraction vs environment in the Coma Supercluster. (Top) SFRs vs
stellar mass for galaxies in the four environments described in Section 2.3.2. Red points
correspond to galaxies with Dn4000 1:6, for which we expect SFRs to be over-predicted
from LNUV (see Section 2.4.1.1). The solid blue lines indicate constant sSFR, with labels
to denote log(sSFR) [yr 1]. The fractions in the upper left corner of each panel indicate
the ratio of galaxies with SFRs above the completeness threshold (and Dn4000< 1:6) over
the total number of galaxies in each environment, and it is also expressed as a percentage.
The void galaxy plot also includes a green shaded region indicating the star-forming ‘main
sequence’ for galaxies at the redshift of Coma, as defined by Elbaz et al. (2011). (Bottom)
Fraction of SF galaxies, defined as having log(sSFR)-11[yr 1] and Dn4000 < 1:6, in
each of the four environments versus the mean Voronoi cell density of the galaxies in those
environments. The colors indicate separate bins in stellar mass, with dwarf galaxies in blue
and massive galaxies in red. The horizontal error bars, excluded from the dwarf galaxy
points for clarity, indicate the standard deviation of a Gaussian fit to the Voronoi cell density
distribution in each environment. The vertical error bars are 1s errors from a bootstrapping
method described in Section 2.4.2.
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correction is only valid if the dwarf galaxies they detect at all redshifts are an unbiased
sampling of the dwarf galaxy population.
One of the most dangerous potential pitfalls when analyzing galaxy activity versus
environment can come from a dependence of galaxy mass on environment. As Figure
2.7 shows, the cluster and group environments have higher relative fractions of massive
galaxies compared to dwarf galaxies. The well-established trend of galaxy ‘downsizing’,
whereby the more massive galaxies formed, and also had their SF activity quenched, at
earlier epochs compared to dwarf galaxies (Cowie et al., 1996) can complicate the inter-
pretation of galaxy SF activity versus environment, because denser environments also tend
to be traced by more massive galaxies (Kauffmann et al., 2004). Therefore, it is possible
to mistakenly identify the effects of downsizing, and the well-documented SFR-M corre-
lation (Noeske et al., 2007; Elbaz et al., 2007), for an environmentally-driven effect when
examining populations of galaxies with different mass distributions. We avoid this pitfall in
our analysis by examining trends of SF activity separately for dwarf and massive galaxies
in all our environments, and we can therefore ensure that our results are not merely tracing
the effects of downsizing and secular evolution of galaxies.
Our sample, which is complete toM 108:5M, allows us to probe the SSFR distribu-
tion of SF galaxies to lower stellar mass regimes than in the previous studies. In Figure 2.10
we show that the differential and cumulative distributions of SSFRs for SF galaxies in each
of the four environments of the Coma Supercluster, separated by dwarf and massive galax-
ies. The SSFR distributions for SF dwarf galaxies in lower-density environments appear to
be peaked at higher SSFRs than the dwarf SF galaxies of higher-density environments.
To quantitatively compare our SSFR distributions, we apply a Mann–Whitney U test
(Mann & Whitney, 1947), which computes the probability PU (on a one-sided scale of
0–0.5) that two sets of points are drawn from an identical distribution, to the SSFRs for
all pairs of environments in the supercluster. This means that if PU < 0:0014, we can
reject the null hypothesis that two sets of data points are drawn from the same distribution
40
Massive
-11.0 -10.5 -10.0 -9.5 -9.0
log(SSFR) [yr-1]
0
20
40
60
N
um
be
r o
f G
al
ax
ie
s
cluster
group
filament
void
Dwarf
-11.0 -10.5 -10.0 -9.5 -9.0
log(SSFR) [yr-1]
0
20
40
60
N
um
be
r o
f G
al
ax
ie
s
-11.0 -10.5 -10.0 -9.5 -9.0
log(SSFR) [yr-1]
0.0
0.2
0.4
0.6
0.8
1.0
Cu
m
ul
at
ive
 F
ra
ct
io
n
-11.0 -10.5 -10.0 -9.5 -9.0
log(SSFR) [yr-1]
0.0
0.2
0.4
0.6
0.8
1.0
Cu
m
ul
at
ive
 F
ra
ct
io
n
Figure 2.10 Specific star-formation rate distributions vs environment. (Top) The differential
distribution of SSFRs for SF galaxies in the four environments of the Coma Supercluster.
(Bottom) The cumulative distribution of SSFRs for SF galaxies. The two left panels give
the distributions for massive galaxies, and the two right panels are for dwarf galaxies.
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with at least a 3s significance. When we contrast each pair of SSFR distributions for SF
galaxies in the four environments, we find that only the SSFRs of the cluster and group
environments are consistent with being drawn from the same distribution. See Table 2.2
for the PUSSFR values. However, differences in the SSFR distributions of SF galaxies in these
four environments could arise due to an environmental dependence on SFR distribution of
SF galaxies or due to differences in the underlying stellar mass distributions. To attempt
to reconcile these two interpretations, we have also calculated the U statistic between the
SFRs of SF galaxies in the four environments, and the U statistics comparing the SFRs of
dwarf and massive SF galaxies in each environment. These additional sets of U statistics
are also presented in Table 2.2.
The SFR distributions of all SF galaxies in the different environments, with U statistics
denoted by PUSFR in Table 2.2, are much more statistically likely to have been drawn from
the same distribution when compared to the SSFRs, which indicates that there is a definite
dependence on mass that is affecting these results. When we compare the distributions of
SFRs for SF galaxies separated into dwarf and massive bins, denoted PUSFRd and PUSFRm ,
respectively, we find that the statistical differences in these SFR distributions are being
driven mainly by the dwarf population. We cannot rule out the null hypothesis that all the
SFR distributions for massive SF galaxies in all environments are being drawn from the
same distribution, whereas for dwarf SF galaxies only the cluster-group distributions are
consistent with being drawn from the same distribution.
This result could be indicative of a number of things. Perhaps the environments of
groups and clusters feature physical conditions which can drive gradual quenching of dwarf
SF galaxies. This gradual quenching would have to occur on long enough timescales that
we would be capable of seeing a statistically distinct ‘green valley’ SF population at lower
SFRs than the dwarf SF galaxies in lower-density environments. However, the process(es)
acting to slowly quench dwarf galaxies in groups and clusters does not seem to be affect-
ing the massive SF galaxies, at least not to a sufficient degree that the SFR distribution
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Table 2.2 SFR and sSFR distributions. Mann–Whitney U test probabilities comparing the
SSFR and SFR distributions for SF galaxies (with log(SSFR)-11[yr 1], Dn4000 < 1:6,
and positions withinGALEX coverage areas) in the four environments. PUSSFR compares the
SSFR distributions of all SF galaxies in the Coma Supercluster environments. PUSFR com-
pares the SFR distributions of SF galaxies in all environments. PUSFRd and PUSFRm compare
the SFR distributions for dwarf and massive SF galaxies, respectively, in all environments.
Numbers in bold indicate cases where we cannot rule out the null hypothesis of the SSFRs
or SFRs being drawn from the same distribution with at least a 3s significance.
Environments PUSSFR PUSFR PUSFRd PUSFRm
Cluster-Group 0.17 0.37 0.026 0.046
Cluster-Filament <0.0014 0.042 <0.0014 0.13
Cluster-Void <0.0014 <0.0014 <0.0014 0.47
Group-Filament <0.0014 0.0085 <0.0014 0.11
Group-Void <0.0014 <0.0014 <0.0014 0.0036
Filament-Void <0.0014 0.0046 <0.0014 0.014
of massive SF galaxies in these higher-density environments is statistically distinct from
the distribution seen at lower-densities. It is difficult to draw strong conclusions from this
result, as the sample sizes of SF dwarf and massive galaxies in the high-density environ-
ments are small enough that we may be seeing artifacts of small number statistics. A future
study, expanded greatly in overall sample size but still sensitive to low-mass galaxies, may
be needed to better address the environmental dependence we find in our SFR distribu-
tions. Nevertheless, our results for massive SF galaxies agree with previous studies (e.g.
Peng et al., 2010; Wetzel et al., 2012) that have examined the environmental dependence of
SFR distributions of massive SF galaxies. This result also underscores the importance of
having greater galaxy mass completeness in surveys aimed at examining trends in galaxy
evolution versus environment, as being limited to only massive galaxies will lead to very
different conclusions about the environmental dependence of SFRs of SF galaxies.
2.4.3 Color versus Environment
To examine the dependence of galaxy colour on environment, we consider g  r, or
the equivalent flux ratio fr= fg. Plotting the ratio of fr= fg versus stellar mass for the entire
sample reveals the familiar bimodal galaxy distribution (e.g., Baldry et al., 2004), with a
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distinct red sequence and a blue cloud. To clearly separate red and blue galaxies, we start by
fitting a line to the distribution of only the galaxies whose spectra are dominated by an older
stellar population, by using theDn4000 index. After fitting a line to the colour versus stellar
mass distribution of galaxies with Dn4000  1:6, we define the standard deviation of the
red sequence population about that best-fitting line as the 1s scatter. Then we define blue
galaxies as those which are lower than the 2s threshold below the red sequence line. Figure
2.11 (Top) shows our colour versus stellar mass plots for each of the four environments in
the Coma Supercluster, and demonstrates our selection of red and blue galaxies.
When calculating the blue fraction of galaxies in each environment of the Coma Super-
cluster, we take a similar approach to our SF fractions and examine trends with respect to
galaxy mass by computing the blue fraction of galaxies in each environment separately for
dwarf and massive galaxies. Figure 2.11 (Bottom) presents the fraction of blue galaxies in
each environment and mass bin as a function of the mean Voronoi cell density in the four
environments. The horizontal and vertical error bars are calculated in the same manner as
in Figure 2.9 (Bottom). We find a trend of steadily-declining blue fractions at increasing
densities, for both mass bins, but with systematically lower fractions, especially for mas-
sive galaxies, when compared to the SF fractions of Figure 2.9. For dwarf galaxies, the
blue fraction tends to be lower than the SF fraction by less than 10% in all environments,
with the greatest deviation being in the group environment. The blue fraction for massive
galaxies shows a much more dramatic decline compared to the SF fraction, with blue frac-
tions about 50 per-cent lower in the lower-density environments. Figure 2.12 more clearly
demonstrates the differences between our fractions of SF and blue galaxies as a function of
environment, by plotting the ratio of dwarf-to-massive fractions.
The differences between our fractions of SF galaxies and blue galaxies most likely
arise as a consequence of internal extinction within the galaxies in our sample. Galaxies
with high dust content may experience significant reddening of their optical colors, and the
magnitude of their extinction is proportional to both the inclination angle and mass of the
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Figure 2.11 Blue fraction vs environment in the Coma Supercluster. (Top) Flux ratios of r
to g versus stellar mass for galaxies in each of the four environments described in section
2.3.2. The solid line denotes a fit to the red sequence, and the dashed line is the 2s threshold
below the red sequence, where we separate ‘red’ from ‘blue’ galaxies (for more details, see
Section 2.4.3). (Bottom) Fraction of blue galaxies, defined using the fr/ fg versus stellar
mass criterion defined in the left figure, in each of the four environments (void, filament,
group, and cluster, in order of increasing mean density). The colors indicate separate bins in
stellar mass, with dwarf galaxies in blue and massive galaxies in red. The horizontal error
bars, which are excluded from the dwarf galaxy points for clarity, indicate the standard
deviation of a Gaussian fit to the Voronoi cell density distribution in each environment.
The vertical error bars are 1s errors from a bootstrapping method described in Section
2.4.2.
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Figure 2.12 Dwarf-to-massive galaxy fractions vs environment. The green and blue points
indicate the ratios of star-forming or optically blue, respectively, galaxies of dwarf mass to
higher-mass in each environment. In all environments the dwarf population is bluer and
has a higher fraction of SF galaxies than their massive counterparts, but the differences
between the mass bins is far more pronounced in the blue fractions than in the SF fractions.
46
galaxy, as demonstrated in Appendix A of Gavazzi et al. (2013). Since our study includes
both un-obscured and obscured measures of SFR, the SF activity of these galaxies is ‘cor-
rected’ for the loss due to extinction. However, the optical colors are not corrected for this
effect in our study (only for foreground Milky Way extinction), which can potentially in-
troduce a significant bias to one’s interpretation of the optical color-density relation. Figure
2.13 demonstrates the tendency for dusty, SF galaxies, particularly at high mass, to have
redder optical colours, by showing that many massive dusty galaxies end up on the red
sequence of a g  r color versusM distribution.
Our blue fraction results, if considered alone, would lead one to conclude that the
massive galaxies of the Coma Supercluster exhibit a dramatically lower incidence of re-
cent SF activity, compared to the dwarf galaxies, in all environments, and that the overall
environmentally-driven quenching of massive galaxies is a very weak effect. Our results
do show, as seen in Figure 2.12, that a higher fraction of dwarf galaxies are actively SF and
bluer than massive galaxies in all environments. However, the degree to which SF activity
is suppressed as a function of galaxy mass, based on the optically-derived blue fractions
alone, presents a misleading picture that is not in agreement with the results of our SF
fractions.
2.4.4 Post-starburst Galaxies versus Environment
Post-starburst, or k+A, galaxies show spectral signatures of having undergone signifi-
cant SF activity in the recent past (<1–1.5Gyr ago), but have no substantial ongoing star-
formation (Dressler & Gunn, 1983; Couch & Sharples, 1987; Poggianti et al., 1999). For a
recent review, see Poggianti et al. (2009a), and references therein. k+A galaxies are com-
monly identified as having strong Balmer absorption features but little-to-no emission lines
in their spectrum. These galaxies can serve as a valuable signpost to identify the regions
where significant SF activity was recently abruptly quenched, and therefore they provide
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Figure 2.13 Color vs stellar mass in the Coma Supercluster. Flux ratios of r to g versus
stellar mass for galaxies in each of the four environments, like in Figure 2.11, but with
galaxies color-coded by their IR luminosities inferred from WISE [22]. The grey points
indicate non-detections in WISE [22], while the purple, blue, green, and red colors indicate
progressively greater LIR. Note that we are excluding the LIR information for any galaxy
dominated by an AGN, as derived in Brinchmann et al. (2004).
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a useful comparison to our analysis, which so far has focused primarily on contrasting
populations of currently star-forming to currently quiescent galaxies.
We identify k+A galaxies following the definition of Mahajan et al. (2010), by selecting
galaxies with EW(Hd ) >3A˚ (indicating strong absorption) and EW(Ha) >-2A˚ (meaning
weak-to-no emission). Note that the signs indicating emission or absorption, positive EW
for absorption and negative EW for emission, are reversed from what was used in Mahajan
et al. (2010), reflecting a switch in the convention used for SDSS spectral line measure-
ments. For EW(Ha) measurements we use the ratio of the Ha flux to the Ha continuum
obtained for SDSS DR10 in GalSpecLine. To obtain Hd equivalent widths we used the
Lick index measurement HdA, originally proposed by Worthey & Ottaviani (1997) and
available in SDSS DR10 from GalSpecIndx (Kauffmann et al., 2003). Note that the Ha
equivalent widths, which are explicitly available in GalSpecLine in addition to the flux
and continuum measurements for Ha , are less accurate than taking the ratio of flux-to-
continuum because the equivalent widths are obtained without simultaneous fitting of all
lines, and so Ha is blended with [NII] unless one uses the flux-to-continuum ratio (C.
Tremonti, private comm.).
For our sample of 3505 supercluster galaxies, we find 62 having the spectral signatures
of k+A galaxies. The k+A population in our sample is mostly dwarf galaxies predomi-
nantly concentrated in the high-density environments, with 32 and 9 k+A galaxies in the
cluster and group environments, respectively. Figure 2.14 shows the distribution of k+A
galaxies, and demonstrates visually that these galaxies tend to favor high-densities. Table
2.3 presents the general environmental distribution and average masses of k+A galaxies in
the Coma Supercluster. Our sample differs considerably from that of Mahajan et al. (2010),
who presented a catalogue of 110 k+A galaxies in the Coma Supercluster using the same
selection criteria. We have determined that the inconsistencies between our post-starburst
catalogues stems from the significant differences in the spectral line measurements between
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Table 2.3 Post-starburst galaxies in the Coma Supercluster. Column 2 gives the number of
k+A galaxies. Column 3 shows the fraction of galaxies in each environment that are k+As.
Column 4 gives the log of the mean stellar mass of all galaxies in these environments, while
Column 5 gives the log of the mean stellar mass of all k+A galaxies in the environment.
Environ. Nk+A fk+A log(<M>) log(<M>k+A)
[M] [M]
Cluster 32 0.043 10.03 9.13
Group 9 0.013 10.06 9.03
Filament 19 0.015 9.86 9.13
Void 2 0.0026 9.81 9.62
All 62 0.018 9.94 9.15
those utilized by Mahajan et al. (2010) and those which we are using. We elaborate on this
comparison in Appendix A.3.
Our results are in agreement with other studies of k+A galaxies (e.g., Poggianti et al.,
2004) which have found that these post-starburst galaxies are rare at low-z, and those that
are seen in the local universe tend to be dwarf galaxies. In contrast, clusters at z= 0:5 were
found by Poggianti et al. (2004) to host a significantly larger fraction of k+A galaxies,
and the higher-z clusters had much more substantial populations of massive post-starburst
galaxies. These differences between low- and high-z likely reflect the global decline in SF
activity and the effect of downsizing, whereby in the local universe massive starbursting
galaxies are exceedingly rare.
2.5 Discussion
2.5.1 What’s Driving Pre-Processing in the Coma Supercluster?
Based on our results, in agreement with numerous other studies, galaxy groups at low-z
are prominent sites of galaxy transformation, as roughly half of all galaxies in groups in the
Coma Supercluster are quiescent and red. The transformation mechanism(s) in the group
environment can be a combination of different factors, most notably galaxy harassment and
ram-pressure stripping, depending on the group host halo mass, dynamics of the group, and
the possible presence of a hot intra-group medium (IGM). A detailed study of the velocity
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dispersions of group members and possible extended X-ray detections would help us to
better assess which physical mechanism is dominating the transformation of the group
galaxies throughout the Coma Supercluster, or whether the dominant physical mechanism
is a function of group mass or even galaxy mass, but such a study is beyond the scope of
this work.
We have also found a marked decline in the fraction of SF and blue galaxies between
the void and filament populations, and for dwarf and massive galaxies alike. This decline
leads us to consider what process(es) may be responsible for quenching galaxies outside of
the cores of clusters and groups, and some insight can be gained by examining the spatial
distribution of quiescent galaxies in the supercluster. In Figure 2.14 we plot the positions
of the all quiescent and k+A galaxies in the Coma Supercluster. The quiescent galaxies in
the filament tend to be clustered very near to the outskirts of galaxy clusters and groups,
but at projected separations that put them well beyond the virial radii of the closest massive
halo.
There are several possible reasons we find a pronounced build-up of quiescent, and
k+A, galaxies in the filament environment at projected separations of 2–5 times the
virial radii of massive clusters and groups, and we can turn to recent work with simula-
tions to help identify plausible scenarios. Bahe´ et al. (2013), hereafter B2013, recently
presented some results from the GIMIC project (Crain et al., 2009), which carried out
higher-resolution hydrodynamical simulations on portions of the Millennium Simulation
(Springel et al., 2005) that span a wide dynamic range of environments. B2013 focused
on one particular result of the GIMIC simulations: that environmentally-affected galaxies
are ‘observed’ as far as 5 times the virial radius of the nearest massive cluster or group
halo. The simulations presented in B2013 are particularly apt for comparing to this work,
because the range of cluster/group halo masses being examined, withMtot 1013–1015M,
closely matches the mass distribution of structures we identify in the Coma Supercluster.
The simulation shows that for a massive cluster, like A1656, at z0 we should expect that
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as many as two-thirds of the galaxies within the virial radius have been pre-processed prior
to entering the cluster, and perhaps 25–33 per-cent of the galaxies observed out to 5Rvir
have been pre-processed. For the most part, the pre-processing of these galaxies has come
from gravitational interactions in group-mass haloes prior to their accretion onto the cluster,
although there is some evidence that ram pressure stripping can occur due to galaxy inter-
actions with gas in the group environment and in infalling regions of the extreme cluster
outskirts (B2013).
Another possible reason for some of the quiescent galaxies being observed at large
projected radii from massive haloes is overshooting of cluster/group members (B2013).
Galaxies which are on elliptical orbits about massive haloes, and may have already had a
pericentric passage within the virial radius of the host halo, could be observed as far as
2–3Rvir in projected separation from the halo centre. These overshooting galaxies need
not be pre-processed prior to their initial infall, as passing through the cluster core at least
once can lead to significant ram pressure stripping and tidal effects imposed on the galaxy.
According to the simulations of B2013, roughly half the galaxies observed at R2Rvir
could be overshooting galaxies on highly elliptical orbits, but that fraction drops steeply
and becomes negligible by R3Rvir.
2.5.2 Comparison with Other Studies
2.5.2.1 Coma Studies
Since the Coma Supercluster has been the target of numerous prior studies examining
the dependence of environment on galaxy evolution, we have taken care to examine how
our techniques for mapping the environment, and the conclusions we draw from our tech-
niques, compare to previous work in this field. We apply the environment mapping method
presented in Gavazzi et al. (2010), hereafter referred to as G2010, which uses a fixed-
aperture-based technique to measure the volume density field over the Coma Supercluster,
to our data set to compare our techniques side-by-side. In Appendix A.2 we describe our
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Figure 2.14 Quiescent and post-starburst galaxies in the Coma Supercluster. Plot of the
MST-defined galaxy environments, as in Figure 2.6, but with the positions of quiescent
galaxies indicated by black dots. The yellow stars indicate the positions of k+A galaxies.
The white solid circles indicate the virial radii of the two clusters, and the concentric dashed
circles indicate the 2Rvir and 3Rvir radii. The cells with hatch marks indicate the galaxies
not in GALEX coverage areas, which have been excluded from the analysis of SF activity
in this work.
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application of the density mapping technique of G2010 in greater detail, and show that our
VT-based surface densities correlate strongly with the volume densities obtained by the
methods of G2010.
We also demonstrate in Appendix A.2 that our segregation of galaxies into cluster,
group, filament, and void populations in general agrees with the delineations made in
G2010 based on local under- or over-density. However, in Figure A.2 we find a non-
negligible fraction of galaxies in ourMST-defined environments that are distributed amongst
the other surrounding ‘environment bins’ as defined by G2010. Some galaxies that we de-
fined as cluster members end up re-distributed into the ‘cluster outskirts/group galaxy’
category of G2010, and some of our group galaxies are shuffled into the ‘filament’ bin of
G2010, which is to be expected since these components of the cosmic web lack clearly-
defined boundary demarcations. However, it is worthwhile to note that the differences in
environmental grouping of our study and G2010 are not entirely attributed to the use of dif-
ferent density thresholds, nor are the differences completely due to our use of 2D densities
versus 3D. Our assignment of a galaxy to a given environment is not based purely upon
the local density surrounding that galaxy, but also on whether the galaxy is continuously
connected to a nearby structure by sufficiently short MST branches. For example, a galaxy
located on a cluster outskirts might be classified in a lower-density bin by the G2010 crite-
ria, but if it is connected to the rest of the cluster by projected branches of length l  lcrit1,
then we would classify it as a cluster galaxy.
Table 2.4 presents the basic statistics of the galaxy environments obtained when using
the methods of G2010, which helps demonstrate how their environmental selection differs
from our own. The primary difference between the G2010 environments and the present
work (as given in Table 2.1) is that the population of cluster galaxies, and the area covered
by those cluster galaxies, is much smaller by the G2010 criteria. The sharp drop in the
average SSFR of the cluster population, as defined by G2010 criteria, relative to what we
show in Table 2.1 reflects the fact that the G2010 cluster galaxies reside only in the highest-
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Table 2.4 Environments of the Coma Supercluster defined using the technique of Gavazzi
et al. (2010). Column 3 gives the total area of the Voronoi cells of the galaxies in each
environment. Column 4 gives the mean Voronoi cell surface density of the galaxies in
each environment. Column 5 gives the log of the average specific SFR (SSFR=SFR/M)
of galaxies in each environment, taken as the sum of the SFRs of the galaxies in each envi-
ronment (excluding galaxies which are dominated by an AGN, see Section 2.4.1) divided
by the sum of the stellar mass of all galaxies in that environment.
Environ. Ngal Area <S> log(<SSFR>)
(h 2 Mpc2) (h2 Mpc 2) [yr 1]
‘Cluster’ 518 8.4 139.0 -11.47
‘Group’ 845 59.3 36.7 -11.17
‘Filament’ 1373 436.3 9.5 -10.63
‘Void’ 769 887.6 1.8 -10.41
density cluster core, where SFR is most strongly suppressed. The fact that the number of
cluster galaxies is lower by 30%, while the total surface area of the cluster galaxies drops by
more than half is indicative that the galaxies that we identify on the cluster outskirts, which
are at lower projected densities, are preferentially getting re-distributed into the ‘Group’
and ‘Filament’ populations in the G2010 designations. However, a large number of our
group galaxies are also preferentially getting distributed into the ‘Filament’ category of
G2010.
Furthermore, we want to be sure that our results, in terms of the quenching of SF
activity versus environment, remain largely unchanged when using the methods of G2010
to map the environment of the Coma Supercluster. Using the environment designations
given in Table 2.4, when we examine the fraction of SF galaxies (dwarf and massive)
we find the same overall trends of decreasing SF fraction at higher-density environments
that we report in Figure 2.9. The results of G2010 also showed an increasing fraction of
early-type galaxies in higher-density environments, but they conclude that the bulk of the
environmental-dependence is driven by the dwarf galaxies in their sample, and that massive
galaxies have little dependence on their environment. However, because the G2010 study
used g  i colors, and was therefore prone to optical extinction bias for the colors of massive
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galaxies, it’s not surprising that a much weaker environmental trend was seen for massive
galaxies in G2010.
2.5.2.2 Other Studies of Environmentally-Driven Effects
Scoville et al. (2013) examined the SF activity of galaxies as a function of local density
in the two square degree COSMOS (Scoville et al., 2007) field over a wide redshift range
(0.15z3.0) and split into 127 redshift bins using photometric redshifts from Ilbert et al.
(2013). They calculate local galaxy density in each of the redshift bins using VT, as well
as an adaptive smoothing technique for comparison, and show that early types with lower
SFRs are more common at higher densities for redshifts below z 1.3. Furthermore, the
degree to which the high-density population of galaxies differs from those at lower densities
(in terms of the fraction of early-type galaxies, and in mean SFRs) is more extreme at lower
redshifts. The Scoville et al. (2013) study provides valuable insight into the evolution of
the relation between galaxy properties and local density over cosmic time, but their sample
features a smaller dynamic range of galaxy masses and densities. They are limited to
galaxies that are more massive (M 109M), and to lower projected densities (S 100
galaxies Mpc 2) than our current study.
The Local Cluster Substructure Survey (LoCuSS; Smith et al., 2010) is examining 30
X-ray selected galaxy clusters at z 0.2, with the goal (among others) of spotting S0-
progenitor spirals in the act of undergoing morphological and SFR changes on the outskirts
of these clusters. By focusing on a large sample of clusters at one low-redshift bin, they
are able to statistically sample the cluster-to-cluster variations in galaxy properties down
to moderate-mass galaxies, and without being adversely affected by intrinsic changes in
galaxies, and cluster evolution, as a function of redshift. The LoCuSS survey utilizes Her-
schel PACS (Poglitsch et al., 2010) photometry extending to cluster-centric radii of 1.5
times the virial radius, and with sufficient sensitivity to detect bolometric IR luminosities
LIR  31010L for the z 0.2 clusters. Our sensitivity to LIR is almost two orders of
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magnitude deeper in the Coma Supercluster, and we are also able to detect signs of galaxy
transformation extending out to several times the virial radius of clusters and groups in our
survey.
The Galaxy And Mass Assembly (GAMA; Baldry et al., 2010; Driver et al., 2011)
survey is built upon 300,000 galaxy spectra, obtained with the AAOmega multi-object
spectrograph on the Anglo-Australian Telescope, for galaxies with r<19.8 mag over 290
deg2 spread over three fields. In addition to their new spectroscopy, they have GALEX UV
photometry, UKIRT Infrared Deep Sky Survey (UKIDSS; Hewett et al., 2006; Lawrence
et al., 2007) NIR imaging, SDSS spectra and optical photometry, and Herschel Astrophys-
ical Terahertz Large Area Survey (H-ATLAS; Eales et al., 2010; Rigby et al., 2011) FIR
imaging over their survey region. When the completed survey is released, it will make
an excellent complimentary data set to the current study, and will be capable of extending
an analysis of galaxy properties versus environment, for similar mass range as our present
sample, to z 0:2. A recent study by (Alpaslan et al., 2014b) identifies filamentary struc-
tures in the GAMA fields out to z  0:2 using the MST on galaxy group positions, rather
than on galaxy positions. They also use the MST on galaxy positions to identify diffuse
‘tendrils’ traced by galaxies, and show that the structures they identify are also found in
mock catalogues.
2.6 Conclusions
We have mapped the environments and calculated the projected density field of the
Coma Supercluster in detail, identifying the regions with clusters, groups, filaments, and
voids, using the two complementary techniques of Voronoi Tessellation and the Minimal
Spanning Tree. The 3505 supercluster members with stellar masses M  108:5M are
thus split into 741 cluster, 716 group, 1292 filament, and 756 void galaxies, allowing us to
study the properties of galaxies in these discrete environments.
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We measure SFRs across the entire supercluster down to 0.02M yr 1 using WISEW4
and GALEX NUV bands, while taking care to avoid biasing our SFRs by excluding the
IR contribution for galaxies dominated by an AGN and the NUV contribution for galaxies
with spectral characteristics of an old stellar population.
The fraction of galaxies that are actively star-forming (with log(SSFR)-11[yr 1]) is
progressively lower in environments of increasing density. This trend holds for massive and
dwarf galaxies, and is even found when comparing the void to the filament environment.
The fraction of galaxies with blue g  r colors, bluer than the red sequence population,
declines steadily in environments with increasing density, in a manner which is similar to
our trends in SF fraction versus environment. However, as our g r colors are susceptible to
internal extinction, we find a striking decline in the blue fraction of massive galaxies when
compared to the SF fraction. This result underscores the importance of utilizing unbiased
measures of galaxy properties whenever possible, or of applying necessary corrections to
biased measures (e.g., see the optical extinction corrections described in Appendix A of
Gavazzi et al., 2013).
We compare the SFR distributions of SF galaxies in all four environments, and find sta-
tistically distinct SFR distributions for dwarf galaxies for most environments, but for mas-
sive galaxies the SFR distributions in all environments are consistent with being drawn from
the same distribution. This result suggests that the process(es) most effective at quench-
ing massive galaxies may do so on shorter timescales than the process(es) which are most
responsible for quenching dwarf galaxies, but we also may be prone to small number statis-
tics. Nonetheless, our results underscore the importance of using a large baseline of galaxy
masses when examining trends in galaxy evolution.
We identify 62 k+A, or post-starburst, galaxies in our Coma Supercluster sample based
on SDSS spectroscopy, and find them to be predominantly dwarf galaxies in higher-density
environments, which is consistent with similar studies of post-starburst galaxies at low-z.
These k+A galaxies are primarily located near the core of the massive cluster A1656, which
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supports the hypothesis that these post-starburst systems have been recently quenched by
ram pressure stripping or by tidal effects due to recent group-cluster merging.
The spatial distribution of quiescent galaxies in the Coma Supercluster confirms that
the evolution of galaxies via pre-processing is extremely prevalent in the local universe.
On average, galaxies in groups are about half as likely to be actively star-forming, when
compared to galaxies in the void. Furthermore, we find a significant over-abundance of
quiescent galaxies in filaments and groups on the outskirts of the massive cluster A1656
(at projected cluster-centric radii of R  2  3Rvir). Simulations (e.g., Bahe´ et al., 2013)
suggest that some of these galaxies are overshooting cluster members on elliptical orbits,
but the majority of these quiescent galaxies on the cluster outskirts require a pre-processing
scenario (with transformations that began in their host groups prior to infall, or from tidal
interactions extending far beyond the cluster virial radius) to explain their presence. Our
results agree with simulations of hierarchical clustering of DM haloes (e.g., McGee et al.,
2009; De Lucia et al., 2012), which suggest that most galaxies accreting onto massive
clusters at z  0 have been affected by pre-processing prior to their arrival in the cluster
environment.
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CHAPTER 3
GALAXY EVOLUTION OVER FOUR DECADES IN
ENVIRONMENTAL DENSITY WITHIN 250 MPC
In the previous chapter, and in our published work (Cybulski et al., 2014), we presented
an analysis of the SF activity versus environment focusing on the Coma Supercluster. While
we found an obvious strong dependence on environment, and on stellar mass, for the frac-
tion of star-forming galaxies, we were also left with some lingering questions that beg
addressing:
1. Is the apparent decline in the fraction of SF galaxies in the filaments, compared
to the void environment, truly a result driven by the different environments, or
does it reflect more upon the intrinsic stellar mass functions of those two environ-
ments? In using just two stellar mass bins in the previous chapter, it was not clear
whether the observed trends in star-forming fractions in these two environments was
primarily due to a slightly higher fraction of dwarf galaxies in the voids compared to
the filaments.
2. Does the quenching timescale really differ across these environments? When we
addressed this topic in the previous chapter, by examining the SFR distributions of
star-forming galaxies in various environments, we seemed to find a distinct difference
that might indicate a longer timescale for quenching of massive galaxies at higher
local densities. But, we were forced to admit that the result could be caused by small
number statistics.
3. Does the dual approach of mapping the environment using a local measure-
ment (e.g., via Voronoi Tessellation) and a more global measurement (e.g., via
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the Minimal Spanning Tree) really offer a “more complete” measure of environ-
ment, or might it be sufficient to use just one of these approaches?
These previous unanswered questions could be solved with better statistics, as a larger
sample size could be split up into finer mass bins and would include more galaxies to ex-
amine the SFR distributions at all masses and environments. Furthermore, a significantly
expanded sample size might reveal valuable new insights that were missed with our previ-
ous study. To that end, this chapter focuses on a similar approach to what we described in
Chapter 2, but applied to a dramatically-expanded sample size, with the goal of addressing
the remaining questions above and presenting a much more comprehensive analysis of the
role of environment on galaxy evolution in the local Universe. Rather than focusing on a
single structure in the local Universe, in this chapter we will examine trends in SF activity,
and in NUV r color, over multiple bins in redshift in the Sloan Digital Sky Survey (SDSS)
out to a redshift of z= 0:055. As we will describe in the following section (3.1), expanding
our analysis beyond the Coma Supercluster introduces some new challenges that must be
carefully addressed before we can go forward. In Section 3.2 we present our results, includ-
ing an accounting of the fractions of galaxies in each environment (void, filament, group,
and cluster), the stellar mass distributions, SF activity, NUV   r colors, and stellar mass
functions of each environment. Section 3.3 presents some discussion of the importance
of using our two complementary techniques for mapping the environment, rather than one
technique alone. And finally, in Section 3.4 we give our final conclusions.
3.1 Sample and Data
The initial sample is comprised of all galaxies in the SDSS with r magnitudes at least as
bright as the 17:77 mag spectroscopically-complete limit, and with spectroscopic redshifts
0:015 z 0:055. We also only select galaxies having no “warning” flag on the redshifts in
the SDSS database, and those with the “science primary” flag set to avoid duplications. This
selection criterion results in 96711 galaxies, and 31307 of them have stellar masses M 
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1010 M. This sample spans a wide range in luminosity distance, with 50 dL  250Mpc,
and so we must carefully account for a number of issues, including: 1) the changes in
photometric completeness versus redshift, 2) the increasing likelihood of projection effects
when sampling such a large range in line-of-sight distances, and 3) the fact that massive
structures (e.g., clusters and groups of galaxies) consist of members having large line-of-
sight velocity dispersions that can cause their member galaxies to “bleed” into adjacent
redshift bins.
To minimize these adverse effects, in the subsequent subsections we outline our pro-
cedure of using multiple redshift bins and accounting for the completeness of the galaxy
samples as a function of redshift. Initially these redshift bins are overlapping, so that we
can properly recover members of the structures that would otherwise be “shifted” into an-
other redshift bin due to the velocity dispersion of their parent structure. After correcting
the sub-samples of group and cluster member galaxies for these redshift effects, we will
select our final, non-overlapping redshift bins in Section 3.1.4. We will be applying com-
pleteness cuts in stellar mass later (in Section 3.1.5), but for the moment we will use the
sample of 31307 galaxies with stellar masses M  1010 M, which we will show later is
above our completeness threshold at all redshifts in our sample, to trace environment and
help us to define our final redshift bins. Figure 3.1 shows a schematic representation of the
steps taken to organize our SDSS sample into the final set of galaxies, redshift bins, and
structures described in this section.
3.1.1 Initial overlapping redshift bins
A significant concern one necessarily faces when mapping structures on very large
angular scales, and over a range of line-of-sight velocities much greater than the typical
velocity dispersions of massive clusters, is what approach to take to minimize the con-
tamination due to projection effects while avoiding the truncation of members of massive,
gravitationally-bound structures. If one utilizes redshift bins that are too thin, then the
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Figure 3.1 Structure identification flow chart. Here is a schematic representation of the
steps taken to go from the initial overlapping redshift bins to the final set of structures in
non-overlapping redshift bins.
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high velocity dispersions of massive groups and clusters will ensure that the populations of
those structures will be truncated and split amongst multiple bins. The problems induced
by truncating members of clusters and groups are two-fold: 1) estimates of projected sur-
face densities will be strongly under-estimated at higher-densities and 2) some structures
may fail to be detected by our search algorithm. However, if one makes the redshift bins
too wide then the contamination due to projection effects becomes increasingly significant.
This issue was not a serious concern in the previous study of the Coma Supercluster, de-
scribed in Chapter 2, because the supercluster population is associated with a relatively
narrow redshift range. However, when expanding this analysis to a continuous  8000
square degree area, spanned by structures at distinct redshifts that are not necessarily con-
tinuously connected with each other, the optimum approach to mapping the entire sample
is non-trivial. Figure 3.2 visually demonstrates this central challenge, as one can clearly
see in a “redshift pie diagram” the smearing of galaxies along the line-of-sight due to the
velocity dispersions of clusters and groups of galaxies. This smearing of galaxies prevents
a straightforward choice for discrete redshift bins to divide up the sample, as any choice
of redshift boundaries would inevitably truncate the membership of some of these massive
structures.
To combat this issue, we began by dividing the SDSS sample into eight overlapping
redshift bins, with each bin at least wide enough to encompass the typical velocity range of
a massive group or cluster. These eight overlapping redshift bins are described in Table 3.1,
where each successive redshift bin is a further 10-20 h 1 Mpc distant. Making these initial
sub-samples significantly overlapping in redshift space ensures that none of the structures
we are attempting to identify will get sufficiently decimated as to make them un-detected
with our search strategy.
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Figure 3.2 SDSS redshift pie diagram. This figure shows a polar projection of all galaxies
in the SDSS having stellar masses M  1010 M with hours of right ascension as the
angular axis and redshift/line-of-sight velocity on the radial axis (where we have collapsed
all galaxies along the declination axis). The more massive structures (e.g., clusters and
groups) stand out as clumps of galaxies elongated in the radial direction due to the intrinsic
velocity dispersions.
Table 3.1 Initial overlapping redshift bins. The first column gives the redshift range over
which we select galaxies from the SDSS, and the second column provides the number of
galaxies satisfying the redshift selection (which also have r-band magnitudes r  17:77
mag and no spectroscopic warning flag in the SDSS). Column three has the number of
galaxies in that redshift bin which are sufficiently massive (M  1010 M) to be “tracers”
of large-scale structures. The fourth column shows the average luminosity distance of the
galaxies in that redshift bin.
Redshift Range Ngal Nmassive < dL >
h 1 Mpc
0:015 z 0:0225 8005 1264 60
0:015 z 0:028 20036 2943 70
0:0225 z 0:034 28439 3574 88
0:028 z 0:040 31698 3371 104
0:034 z 0:044 25365 2335 120
0:040 z 0:048 22596 1841 137
0:044 z 0:052 24782 1715 149
0:048 z 0:055 22383 1298 161
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3.1.2 Structure Identification
To characterize the environments of galaxies in this study, we follow closely the proce-
dures described in the previous chapter, in Section 2.3. As before, we perform a Voronoi
Tessellation to measure the projected density at each galaxy’s position (measured by taking
the inverse of the Voronoi cell area), and we utilize the Minimal Spanning Tree to deter-
mine the global environments (cluster, group, filament, and void) of galaxies. There are
only a couple of minor changes to our approach in this current study, which we will briefly
outline here.
In the previous chapter, we chose two specific surface density thresholds to define as the
boundary between 1) the cluster/group and the surrounding filaments and 2) the filaments
and the void. This was a reasonable approach when only focusing on the Coma Superclus-
ter, in a single redshift bin. However, as the galaxy counts in Table 3.1 implies, there will be
a strong variation in the average surface density in these redshift bins. Therefore, a density
threshold that might be appropriate in one bin might be significantly lower or higher than
what is appropriate in another. To mitigate this problem, in our present study we instead
use surface density thresholds defined as multiples of the mean Voronoi cell density within
each redshift bin. In Section 3.1.2.2 we show the VT density thresholds we use in each of
our redshift bins.
3.1.2.1 Voronoi Tessellation
We perform VT on the samples of massive (M  1010 M) galaxies in each redshift
bin using the IDL routine QHULL, which computes a convex hull realization and provides
Delaunay triangulation as well as a Voronoi cell solution. The VT is particularly useful
because of its ability to estimate the local projected density around a galaxy’s position in a
manner that is automatically adaptive in the area over which it is measuring local density.
Many alternate approaches that employ a nearest-neighbor-based measure of local density
require a choice for the number of nearest neighbors, Nneigh, to consider for its calculation,
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which necessarily means selecting a preferred size scale; choosing a large Nneigh provides
an optimum measurement of very dense environments at the expense of sensitivity to rar-
efied areas, while choosing a smaller Nneigh provides an improved mapping of low-density
regions but little sensitivity to the higher-density environments. Since the Voronoi cells
automatically adapt to the local density, they provide an equally viable measure of the local
density in the centers of massive clusters as in the most sparse voids.
However, one issue that is necessarily faced by VT is a bias introduced near the edge
of a map, where cells can become artificially large, or even unbounded. To ensure that
we are not influenced by these edge effects, we carefully define the boundaries of the area
continuously mapped by the SDSS and flag any Voronoi cells having a vertex lying outside
of those boundaries. The flagged cells are excluded from any analysis of the environment
or the statistical distribution of density hereafter, and the population of galaxies flagged due
to edge effects amounts to 10 per-cent of the sample overall.
As a consequence of our forthcoming data analysis, and also due to intrinsic cosmic
variance, some of these redshift bins we will be defining will have different mean surface
densities. Indeed, as we will see later in Table 3.2, we will eventually find that some of
our final redshift bins will have mean densities that vary by a factor of four. Therefore, a
comparison of the projected densities of galaxies across all bins should not be done using
absolute densities, but rather a relative density measure. So in addition to the projected
densities that we calculate from the inverse of the Voronoi cell areas, we also compute the
cumulative fraction of each cell’s density within its redshift bin. That way, for example,
we can select galaxies with cumulative fractions of 0.9 or greater and immediately select
the 10 per-cent highest-density environments across the entire sample. We will put this
measurement to use later in this chapter.
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3.1.2.2 Minimal Spanning Tree
We calculate a MST with the sample of massive galaxies in each redshift bin using a
custom IDL code (by R. Gutermuth) described in Gutermuth et al. (2009). The result of the
MST is a set of branch lengths between pairs of galaxies, and so we must define a critical
branch length, lcrit , and then we can select sub-structures as any set of galaxies (numbering
at least six) that are continuously connected by MST branches of length l  lcrit . Similarly
to in Cybulski et al. (2014), we exploit the fact that the cumulative distributions of VT cell
densities and MST branch lengths mirror each other to help us select reasonable choices for
lcrit . However, instead of using a particular surface density threshold, we select character-
istic VT density thresholds for each redshift bin that are multiples of the mean cell density
of that particular bin.
For the current study, we define the threshold density between void and filament corre-
sponding to 55 per-cent of the mean density and the threshold between the filaments and
the group/cluster as four times the mean density. Figure 3.3 shows the cumulative distri-
butions of VT cell densities and MST branch lengths for each of our final seven redshift
bins (which will be described in greater detail in Section 3.1.4). In using these two density
thresholds, we produce a set of galaxies for each redshift bin that are tagged initially as void
(not part of any MST-defined structures), filament (identified as part of a structure at the
critical branch length corresponding to 67 per-cent of the mean density), or group/cluster
(identified as part of a structure at the critical branch length corresponding to 300 per-cent
of the mean density).
Next, the question remains how to distinguish the higher-density structures between
groups and clusters. For that we turn to a comprehensive catalog of group and cluster
haloes identified in the SDSS by Yang et al. (2007). This other catalog was generated
using a friends-of-friends algorithm, which in its implementation is virtually identical to the
MST approach we present in the current study (recall that we explicitly determined that the
friends-of-friends technique gives the same results in our study of the Coma Supercluster
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Figure 3.3 Cumulative distributions of VT cell densities and MST branch lengths. Each
panel shows (in red) the cumulative distribution of VT cell densities, labeled on the bottom
x-axis. The cumulative distribution of MST branch lengths is plotted in solid blue, with
numbers shown on the top x-axis. The vertical dotted/dashed red (blue) lines show the den-
sity (branch length) thresholds corresponding to the selection of filament and group/cluster
galaxies.
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in the previous chapter - see Section 2.3.2). Therefore, it is not surprising that upwards of
80 per-cent of our MST-defined groups and clusters are matched to the Yang et al. (2007)
group-and-cluster-mass haloes in the same volume. The matching of our MST-defined
structures to this comparison catalog is more than just a basic verification of our results; the
Yang et al. (2007) catalog also includes rigorously-defined halo masses for these structures.
Therefore, we choose a halo mass threshold to separate groups from clusters in our catalog.
Any MST-defined group/cluster that is matched to a halo from Yang et al. (2007) of mass
Mh  1014 M is classified as a cluster. Otherwise, it’s labeled as a group.
3.1.3 Consolidating Structures
Despite having overlapping redshift bins, there are still undoubtedly cases where the
members of massive structures are split amongst multiple bins. To get an accurate estimate
of the central positions, redshifts, and velocity dispersions of these structures, we have to
account for all of their members. Furthermore, we want to avoid having redundant versions
of the same structure in our sample. After running our structure-identification routine on
each individual redshift bin, we identify cases where members of the same cluster, or mas-
sive group, has “bled” into an adjacent redshift bin. For each successive bin in redshift,
starting at the lowest-redshift bin, we search the next two higher-redshift bins for any struc-
tures identified whose positions are consistent with the positions of structures in the present
bin. Thusly, an overall list of unique candidate members of our structures was compiled by
merging together structures with consistent positions and ranges of recessional velocities.
In doing so, we also produce a single unique list of structures across the full redshift range
being sampled. In the following sub-sections we outline our methods for characterizing the
properties of these consolidated structures.
3.1.3.1 Biweight Estimator
Now that we have merged candidate structures in the overlapping redshift bins, to com-
pile a single unique list of all possible members of the groups and clusters in this volume,
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we need to scrutinize these structures and measure their characteristics. Even seemingly-
simple measurements, like the central position and redshift of a structure, are non-trivial
because traditional methods, like the mean or even the median, can be significantly skewed
by outliers. To robustly measure the positions and central redshifts of these structures, we
employ the biweight estimators first introduced in an astronomical context by Beers et al.
(1990), and which have been used frequently since then to estimate these fundamental
quantities for clusters and groups of galaxies (e.g., Fadda et al., 1996; Girardi & Giuricin,
2000; Biviano et al., 2006; Salimbeni et al., 2009; Jaffe´ et al., 2013; Haines et al., 2015;
Kim et al., 2016; Sifo´n et al., 2016; Umetsu et al., 2016).
The biweight position estimator is a modification of the simple median, which includes
a function that peaks at a value offset from the median, and then declines steadily above or
below that peak. The estimator is given by
XBI =M+
åjuij<1(xi M)(1 u2i )2
åjuij<1(1 u2i )2
; (3.1)
where M is the median of some parameter x, and u is given by:
ui =
(xi M)
cMAD
; (3.2)
and c is a constant andMAD=median(jxi Mj) is the median absolute deviation. The
constant c has been empirically tuned to provide a robust estimate over a wide range of
distributions that deviate from a normal distribution, with a value of six. Also of great
importance for our study, this estimator has been proven reliable, with an efficiency of
more than 75%, even for sample sizes as small as five (recall that we require a minimum of
six galaxies to recognize a candidate structure with the MST).
In addition to using the aforementioned biweight “position” estimator to calculate the
central RA, Dec, and redshift of the set of groups and clusters in our overlapping redshift
bins, we use a biweight scale estimator to determine the velocity dispersions, si, of these
massive candidate structures as
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sBI = n1=2

åjuij<1(xi M)2(1 u2i )4
1=2åjuij<1(1 u2i )(1 5u2i ) ; (3.3)
where n is the number of galaxies, u is as defined in Equation 3.2, except that the
constant c= 9.
3.1.3.2 Shifting Gapper
The massive structures that have thus far been identified and examined are best con-
sidered as “candidate” structures, because although they have positions and redshifts that
are consistent with each other, to zeroth order, we must apply greater scrutiny to separate
the likely members of these groups and clusters from interlopers. One effective approach
for performing this separation is called the shifting gapper method, which exploits pro-
jected phase-space, a representation of the projected difference in position and velocity of
galaxies compared to the central values of a potential parent structure.
The shifting gapper approach was introduced by Fadda et al. (1996), and has been used
many times in studies of cluster populations (e.g., Lopes et al., 2009; Owers et al., 2009,
2011; Wing & Blanton, 2013) to exclude interloper galaxies and separate infalling groups
from core cluster members. By flagging interlopers, we both increase the purity of our
cluster member samples and improve our estimates of the position, central velocity, and
velocity dispersions of the massive structures. The shifting gapper is an iterative technique,
which examines galaxies in bins of projected separation and excludes galaxies which have
a large separation in velocity space in each subsequent bin of projected separation.
We start by examining the candidate cluster or group members sorted by increasing
projected separation, rproj. Rather than defining our bins with a fixed width in projected
separation, we use radial bins with adaptive widths by including 20 galaxies per radial bin,
at least for structures with at least 20 candidate members, and for each bin of 20 galaxies
we sort them by increasing peculiar velocities (relative to the central velocity of the group
or cluster). Then we calculate a quantity known as f-pseudosigma, S f , which is given by
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S f =
Fu Fl
1:349
; (3.4)
where Fu and Fl are the upper and lower quartiles in peculiar velocity in the current
radial bin, respectively, and the normalization constant 1.349 is chosen to reflect the typical
spread of a normal distribution. If a pair of galaxies, sorted by increasing peculiar veloc-
ities, within a given radial bin are separated in velocity space by more than S f , then the
galaxy from that pair whose
vpec is greater is flagged for removal. Then, a new S f is cal-
culated for the current radial bin, and the process continues iteratively until convergence,
which occurs if the number of galaxies in the current radial bin is stable, S f  500 km s 1,
or the number of galaxies in the radial bin drops below eight.
After this iterative process has been completed for our candidate groups and clusters,
we flag for removal any structures which have fewer than six members. Then, using the
members not flagged as interlopers we re-compute the central position, central redshift, and
velocity dispersion of the massive structures following the procedures described in Section
3.1.3.1.
3.1.4 Final redshift bins
Now that we have improved estimates for the positions, redshifts, and velocity disper-
sions for our groups and clusters, and we have removed structures likely to be spurious, we
are almost ready to define our final, non-overlapping, redshift bins. Recall that one of the
biggest challenges is the need to separate our sample into redshift bins such that we mini-
mize the effects of truncation of massive structures. To proceed, we assign for our galaxies
an effective redshift, zeff. For any galaxies whose positions and redshifts are consistent
with a surviving group or cluster, defined as having a projected separation rproj  3r200 and
velocity jczj  (zBI3sBI), those galaxies are given zeff = zBI . Any other galaxies, which
are not matched to the specified velocity and position range of a surviving group or cluster,
are assigned zeff = z, where z is the SDSS spectroscopic redshift for that galaxy.
73
Our next task is to determine how many redshift bins to split the sample up into. The
galaxies in this study span a line-of-sight velocity range Dcz=12,000 km s 1, and knowing
that we’ll want to have a bin width of 1000 2000 km s 1 to reasonably capture the range of
velocities covered by connected large-scale structures, we should have somewhere between
six and twelve redshift bins. We defined our redshift bins to have a width of  1400 km
s 1, with the exception of the lowest-redshift bin, which we made larger to compensate
for the smaller volume being probed at the lowest redshifts and to ensure we have at least
2000 3000 galaxies per redshift bin. Therefore, we select seven non-overlapping redshift
bins for our sample galaxies. Figure 3.4 shows the final redshift bins we have selected,
overlaid on a redshift pie diagram for the whole sample of massive galaxies. This figure also
demonstrates how we have accounted for the effects of line-of-sight velocity dispersions
pushing galaxies outside of the redshift selection boundaries.
We also made slight adjustments to the boundaries of the redshift bins to avoid dividing
any obvious clusters or groups amongst multiple bins. In Figure 3.5 we plot compari-
son histograms of the redshifts of massive galaxies in our sample (having stellar masses
M  1010 M) and their effective redshifts, which demonstrates how our assignment of
effective redshifts to likely members of groups and clusters allows us to select boundaries
for our final redshift bins that minimize the truncation of the members of these massive
structures. The effective redshifts are only used to place galaxies in one of our nine final
redshift bins. Once that is done, for the remainder of our study (e.g., for the purposes of
calculating luminosities and star formation rates) we only use the SDSS-defined redshifts
for our sample.
Table 3.2 describes the final non-overlapping redshift bins used for our study. There are
several systematic biases inherent in any study covering a range of redshifts, and they are
important to consider before going forward. The stellar mass completeness, which will be
outlined in greater detail in Section 3.1.5, varies by nearly an order of magnitude between
the lowest- and highest-redshift bin, which means that we must take great care to only
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Figure 3.4 SDSS redshift pie diagram with final redshift bins. Similar to Figure 3.2, but
with blue lines to indicate the boundaries of the seven final non-overlapping redshift bins in-
dicated. Note that many structures would be truncated by these redshift boundaries, but we
mitigate those effects by selecting likely members of clusters and groups in our overlapping
initial redshift bins first. This figure demonstrates that by showing in red all of the galaxies
that we associate with the third redshift bin, based on their “effective redshifts” described
in Section 3.1.4, which includes many galaxies whose line-of-sight velocities would push
them outside of the redshift selection window, and also excludes galaxies whose redshifts
may have been pushed into the redshift selection window, if we did not account for this
effect.
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Figure 3.5 Redshift and effective redshift histograms. The histograms include galaxies
with stellar masses M  1010 M. The top panel shows the redshift distribution using
the redshifts from SDSS spectroscopy, while the bottom panel shows the effective redshift
distribution (see Section 3.1.4). The vertical dashed lines in the bottom panel show the
boundaries in effective redshift used to delineate our final seven, non-overlapping, redshift
bins for our sample.
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include in our analysis galaxies that are complete to each of our redshift bins. However,
note that the stellar mass threshold for “tracer” galaxies is greater than the completeness
threshold of all redshift bins. The differential stellar mass completeness also means that
some environments may be under- or over-represented in the more distant redshift bins, if
those environments tend to be populated by a greater proportion of lower- or higher-mass
galaxies, respectively.
In addition, due to the redshift dependence of the angular diameter distance, the trans-
lation between angular size and physical size changes by more than a factor of two at the
redshift extremes covered by this sample. This means that the same angular area corre-
sponds to a much larger physical area, and therefore a larger cosmological volume over
a similar redshift interval taken at z = 0:055 compared to z = 0:015. This difference is
reflected in the progressive increase in volumes shown the last column of Table 3.2.
Furthermore, there are inherent biases due to cosmic variance that are apparent just
from looking at our redshift bins individually. To mitigate the biases caused by cosmic
variance one needs only to survey a sufficiently large volume. For example, note that
the fourth redshift bin in our sample (at 0:0365 < z  0:0412) has a dearth of significant
massive structures (bottom panel of Figure 3.5), and an unusually low number of galaxies
considering the volume it encompasses. Therefore, a study that is limited to only the vol-
ume comparable to one of our redshift bins might result in an erroneous assessment of the
prevalence of galaxy clusters or groups, for example, which underscores the importance of
sampling multiple redshift bins over a large angular area. Later, in Section 3.3, we will ex-
plore more explicitly how our sample reduces the effects of cosmic variance by examining
how our results are affected by using sub-sets of our full data set.
3.1.5 Stellar masses and star-formation rates
The stellar masses and star-formation rates used in this study come from the SDSS
via Kauffmann et al. (2003). The stellar masses are derived from fitting stellar population
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Table 3.2 Final redshift bins. The first column gives the redshift range over which we select
galaxies, using the effective redshifts defined in Section 3.1.4. Column two has the stellar
mass completeness limit for that redshift bin (see Section 3.1.5) measured at the upper
redshift limit of the bin. The third column provides the number of galaxies in the bin.
Column four shows the number of galaxies in each bin more massive than the stellar mass
completeness limit for that bin. Column five has the number of galaxies in that redshift
bin which are sufficiently massive (M  1010 M) to be “tracers” of large-scale structures.
The sixth and seventh columns show the average luminosity distance and average Voronoi
cell density, respectively, of the galaxies in that redshift bin (calculated using only “tracer”
galaxies).
Redshift Range Mlim Ngal Nmlim Nmassive < dL > < S>
zeff 2 [z1 : z2] [M] h 1 Mpc h 2 Mpc 2
[0:0150 : 0:0260] 8.97 15659 8482 2756 68 0.28
[0:0260 : 0:0315] 9.20 13674 8122 3317 89 0.21
[0:0315 : 0:0365] 9.38 14036 8254 4030 105 0.19
[0:0365 : 0:0412] 9.53 10866 6064 3424 120 0.12
[0:0412 : 0:0461] 9.66 13560 7792 5109 136 0.14
[0:0461 : 0:0509] 9.77 15045 8436 6232 150 0.14
[0:0509 : 0:0550] 9.85 13871 7918 6439 165 0.13
synthesis models to the SDSS spectroscopy, and are based on a Kroupa IMF. The SFRs
are also estimated from the spectroscopic measurements, by using the SDSS fibre emission
lines (primarily Ha) and, for more quiescent galaxies, the 4000-Angstrom break. The
distribution of stellar masses and specific SFRs for the full parent sample (with no mass
completeness limits applied) are plotted in Figure 3.6, wherein a clear concentration of blue
cloud (top) and red sequence (bottom) can be seen.
We determine the stellar mass completeness as a function of redshift following Pozzetti
et al. (2010). We first define 12 redshift bins evenly spanning the range 0:015 z 0:055.
Then, for each galaxy in our sample we calculate a limiting stellar mass, given the galaxy’s
r-band magnitude and measured stellar mass, by:
log(Mlim) = log(M)+0:4(rmag  rlim); (3.5)
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Figure 3.6 Specific SFR versus stellar mass for the SDSS sample. The blue contours in-
dicate 10, 50, 200, 400, 800, and 1600 galaxies in our 2D bins, where we have 33 bins in
sSFR covering the range in the figure and 25 stellar mass bins uniformly sampling log(M).
The stellar masses and SFRs shown here come from Kauffmann et al. (2003). The upper
dashed line denotes the threshold above which we classify a galaxy as “star-forming” (SF),
and the lower dashed line is the threshold below which we classify galaxies as “quiescent”.
79
where rlim = 17:77 mag. The range of these limiting masses is large, and depends
on the mass-to-light ratios of the galaxies. Therefore, a convenient way to conservatively
assign an overall lower mass limit for each redshift bin is to use the limiting masses for the
faintest galaxies in that redshift bin. So for each of our 12 redshift bins we select the 20
per-cent faintest galaxies (in r-band magnitude) in that bin, and calculate the median Mlim
and standard deviation of those “faintest 20 per-cent” galaxy limiting masses. Next, we
define our stellar mass completeness function Mcomp(z) as the upper threshold enclosing
95 per-cent of the mass limits of the 20 per-cent faintest sub-sample. We calculate the
upper 95 per-cent threshold by taking the median Mlim plus twice the standard deviation
for the faint sub-sample. Then, we fit a second order polynomial with redshift toMcomp(z),
which hereafter defines our stellar mass completeness function. In Figure 3.7 we plot the
stellar mass distribution versus redshift, and show our stellar mass completeness function
with a solid black line.
Next, we interpolate the stellar mass completeness function at the upper redshift limit
of our seven final redshift bins in order to determine the stellar mass completeness limit of
each of those seven redshift bins. This stellar mass limit for each redshift bin is given in the
second column of Table 3.2. Finally, we select the galaxies whose stellar masses are greater
than or equal to the stellar mass limit in that redshift bin to define our final, mass-complete
sample, which consists of 55068 galaxies. The number of galaxies above this stellar mass
completeness limit in each redshift bin is given in column four of Table 3.2.
3.1.6 Ancillary Data: GALEX
Ultraviolet (UV) photometry can provide an extremely valuable tracer of recent star-
formation activity, as it directly measures the high-energy photons emitted by massive,
short-lived stars. However, there are two important caveats that should be considered
whenever using this measure to tracer SFR: 1) the UV flux is very susceptible to dust
extinction and 2) the longer-wavelength UV flux, as in the Near-UV (NUV) band, can also
80
0.02 0.03 0.04 0.05
Redshift
7
8
9
10
11
12
lo
g(M
*
) [M
O •
]
Figure 3.7 Stellar mass versus redshift for the SDSS sample. The blue contours indicate
10, 50, 100, 200, 300, and 400 galaxies in our 2D bins of redshift (40 bins span the redshift
range uniformly) and stellar mass (where 25 stellar mass bins cover the range plotted). The
stellar masses shown here come from Kauffmann et al. (2003). The black circles indicate
the 95 per-cent stellar mass completeness calculated at several redshift bins (see Section
3.1.4), and the solid black line is a quadratic fit to the stellar mass completeness limits. The
regions indicated with red diagonal lines are where our sample is complete in stellar mass
and redshift over the continuous area mapped by the SDSS, separated into our seven final
redshift bins.
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come from A-type stars, which are much longer-lived and therefore a poor tracer of in-
stantaneous SFR. For our purposes, we utilize UV photometry from the Galaxy Evolution
Explorer (GALEX; Martin et al., 2005) in order to measure NUV   r colors for our sam-
ple, which we will present in Section 3.2.4.1. We obtained FUV and NUV photometry for
our sample galaxies following the same procedures outlined in the previous chapter, and
in Cybulski et al. (2014), by using the GALEX online CASJobs SQL server, and searching
for the nearest UV counterpart to the SDSS galaxy positions with a search radius of four
arcseconds.
3.2 Results
3.2.1 Environment Classification
After applying the mapping techniques described previously on the sample of galaxies
in our final redshift bins, we tag all the galaxies in our sample, above the stellar mass
completeness limit for its redshift bin, with an environment category (void, filament, group,
or cluster). For galaxies with stellar masses M  1010 M, these environment categories
come directly from the combination of VT and MST described in Section . But for galaxies
with lower stellar masses, we find the nearest massive “tracer” galaxy and assign the tracer
galaxy’s environment flag to its less-massive neighbor. Figure 3.8 shows one example plot,
from our lowest-redshift bin, of the full continuous coverage area with VT cells color-coded
by the galaxy environment tags. We plot the remaining maps in Appendix B.1. After doing
this environment tagging across all redshift bins in our sample, we present the relative
fractions of galaxies in these environment in Figure 3.9, which shows the fractions of each
category of environment using the massive “tracer” galaxies only.
When tallying up the galaxies in each environment by number (as in the top left panel of
Figure 3.9), on average 28 per-cent of the galaxies are in voids, 52 per-cent are in filaments,
about 9 per-cent are in groups while another 11 per-cent are in clusters. However, it’s
worth noting from Figure 3.9 that there is significant variation in the relative fractions of
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Figure 3.8 Spatial plot color-coded by environment. This figure shows, for the lowest
redshift bin, the VT cells for the “tracer” galaxies at M  1010 M color-coded by the
environment type it corresponds to. Void galaxies are in purple, filaments are in blue,
groups are orange, and the cluster galaxies are filled in red.
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each environment across these redshift bins, as we measure a standard deviation of  3 4
per-cent in each environment as a function of redshift.
By comparison, the top right panel of Figure 3.9 shows the relative fractions of each
environment category when weighted by stellar mass rather than number of galaxies. To
determine these relative fractions, we added up the total stellar mass of our sample of
galaxies in each redshift bin, and then we calculate the fractional contribution to the total
stellar mass from the galaxies in each environment category. In this case the voids are
slightly less favored, and their fractions decline in each redshift bin by about four per-
cent on average, because the galaxy populations in the void environments tend to have
lower masses. The relative fraction of stellar mass in the filaments is similar to the fraction
by number, but approximately one percent higher on average. And the group and cluster
contributions, when weighing by mass, tend to increase slightly, by about two per-cent on
average each.
The bottom left panel of Figure 3.9 shows the relative contributions of each environment
by volume. In this case we have used the 2D Voronoi cell areas as a proxy for 3D volume,
which is a reasonable assumption only if the Voronoi cell areas are correlated with the
3D volumes around our galaxies. Gallazzi et al. (2009) demonstrated a clear correlation
between 2D and 3D densities, as did Cybulski et al. (2014) (see Appendix A.1). The
volume-weighted comparison of environments shows that the voids vastly dominate the
total volume, and the sum of the voids and filaments comprise approximately 98 per-cent
of the volume in the local Universe. The groups and clusters, on the other hand, make up
about one per-cent or less each.
And in the bottom right panel of Figure 3.9, we present the relative fractions in each
environment weighted by SFR. Comparing this panel to the top left panel, which presents
the fractions of galaxies in each environment by number, we see that the relative “impor-
tance” of the void and filament increase (by about six and three per-cent, respectively) when
weighted by SFR. On the other hand, the relative contribution from the group environment
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declines by about three per-cent when compared to the fractions of group galaxies by num-
ber, and the contribution from the clusters weighted by SFR declines by more than half.
This observation alone is indicative of the fact that the galaxies in the void and filament are
more star-forming, on average, than the galaxies in the groups and clusters. Later in this
section we’ll explore that observation in much greater detail.
3.2.2 Stellar Mass Distributions
A comparison of the two top panels in Figure 3.9 suggests that the higher-density en-
vironments are comprised of a greater relative fraction of massive galaxies, compared to
the lower-density regimes. A more direct comparison of the stellar mass distributions of
these environments reveals that they are mostly statistically distinct from each other. We
performed a Mann-Whitney rank-ordered “U-Test” (Mann & Whitney, 1947) to assess the
degree to which the stellar mass distributions of galaxies are consistent with being drawn
from the same distribution, by comparing the stellar mass distributions of galaxies binned
by environment and redshift. In running these tests, we only compared the stellar mass
distributions for galaxies within the same redshift bin, since failure to do so would always
result in statistically distinct distributions because of the changing stellar mass complete-
ness function.
When we perform the U-Test comparing galaxies of the same environment in differ-
ent redshift bins, using only the galaxies above the stellar mass completeness limit for the
more distant of the two redshift bins, we unsurprisingly obtain results that do not allow us
to reject the null hypothesis that their stellar masses are drawn from the same parent dis-
tribution. Furthermore, when we compare the stellar mass distributions for the group and
cluster galaxies, we generally (but not always) find consistent stellar mass distributions.
However, comparisons of the stellar mass distributions of galaxies in any other pair of en-
vironments (e.g., void and filament, void and cluster, filament and cluster) uniformly result
in a “U-statistic” consistent with distinct stellar mass distributions. Figure 3.10 presents
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Figure 3.9 Fractions of galaxies in various environments. Each panel shows the relative
fractions of galaxies in each type of environment (purple: void, blue: filament, orange:
group, and red: cluster) and in each of our seven redshift bins (left-to-right: lower-z to
higher-z). We print the percentages in each bin of redshift and environment, and if the
bin is vanishingly small we print the percentage just to the left in the appropriate color.
(Top Left) Fractions of galaxies per environment and redshift bin by number. (Top Right)
Fraction of galaxies per environment and redshift bin weighted by stellar mass. (Bottom
Left) Fraction of galaxies per environment and redshift bin weighted by volume (or, more
accurately, Voronoi cell area). (Bottom Right) Fraction of galaxies per environment and
redshift bin weighted by SFR.
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a comparison of the stellar mass distributions for these environments. In comparing the
stellar mass distributions of the void and the filament (top panel), it’s clear that the stel-
lar masses are skewed slightly to higher mass in the filament, as every stellar mass bin
at M  1010 M has a higher rate of filament galaxies while every bin below that mass
threshold is more predominantly in the void. A puzzling reversal of this trend is seen in
the bottom panel of Figure 3.10, where the group galaxies are more skewed to high stellar
masses than the cluster galaxies.
3.2.3 SF fraction versus environment
Figure 3.11 plots the fraction of SF galaxies as a function of environment and stellar
mass in the bottom panel, while the top two panels show histograms of the galaxy distri-
butions in terms of stellar mass for each environment category. We find a marked decline
in the fraction of SF galaxies both with increasing stellar mass and in environments of
increasing density. To get statistical errors on the SF fraction of galaxies in each bin of
environment and stellar mass, we perform a bootstrap resampling of each sub-sample of
galaxies. For our bootstrapping, we perform 1000 repeats, wherein we randomly select
galaxies from each bin of environment and stellar mass, allowing for repeats. Then we
save the SF fractions of each random realization, and take the standard deviation of the SF
fractions as the 1s error bars plotted in Figure 3.11. As we saw in our Coma Supercluster
study in the previous chapter, we also see a small, but statistically-significant, decline in
the fraction of SF galaxies in the filaments when compared to galaxies of the same stellar
mass in the voids. However, unlike in our Coma Supercluster study, in which we had only
two mass bins (“dwarf” or “massive”), we now have significantly improved statistics that
allow us to slice the sample into much finer bins of stellar mass, which in turn allows us to
more confidently control for the effects of stellar mass differences in quantifying the role
of environment.
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Figure 3.10 Stellar mass distributions of the different environments. The top panel com-
pares the stellar mass distribution of the void (horizontal magenta) and filament (diagonal
blue), while the bottom panel compares the stellar masses of the group (horizontal magenta)
with the cluster (diagonal blue) populations.
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The steady decline in the fraction of SF galaxies with environment is particularly obvi-
ous when we plot the SF fractions relative to the void at each mass bin, as in Figure 3.12.
In this case, when normalizing the SF fractions by the SF fraction of the void population
in that mass bin, we are highlighting the effects of environment separately from the stellar
mass dependence on quenching. Note that the stellar mass range covered here is not as
large as in Figure 3.11, because the statistics for galaxies in our highest highest stellar mass
bin (M  1011:125 M) are very poor. The most massive bin consists of 400 galaxies, or
less than one per-cent of our overall sample, and among those 400 galaxies only two would
be classified as star-forming by our adopted criterion (sSFR 10 2:5 Gyr 1). Overall, we
find that galaxies in the filament are, on average, 10 per-cent more likely to be quenched
than in the void. In the groups and clusters, the galaxies have been quenched at a rate of 30
and 50 60 per-cent greater, respectively, than for galaxies at the same stellar mass but in
isolation.
3.2.3.1 Controlling for stellar mass
Figure 3.11 shows, similarly to Figure 2.9 in Chapter 2, a small but statistically-significant
decline in the fraction of SF galaxies going from the isolated void galaxies to the filaments.
The updated version of this figure, in the present chapter, shows this decline in SF fraction
in the filaments using much finer stellar mass bins than in the previous chapter, in an at-
tempt to show that the result we obtained previously was not simply due to the relatively
large stellar mass bins we employed masking an underlying stellar mass distribution differ-
ence between the void and the filaments. However, given that the stellar mass distributions
(see Figure 3.10 top) show that the filament population is skewed slightly towards higher
stellar masses than the void galaxies, might it still be the case that the  10 per-cent de-
cline in SF fraction of galaxies in the filaments simply traces the well-documented trend of
higher quiescent fraction with increasing stellar mass (e.g., Noeske et al., 2007)?
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Figure 3.11 Fraction of star-forming galaxies in different environments. The top two panels
give the distribution of galaxies as a function of stellar mass and environment, with void
(purple) and filament (blue), group (orange), and cluster (red) plotted separately. Galaxies
are designated as “star-forming” if sSFR  2:5 [Gyr 1], and we split our sample up into
seven bins in stellar mass. The error bars come from a bootstrap resampling of the galaxies
in each bin of environment and stellar mass.
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Figure 3.12 Fraction of star-forming galaxies relative to the void environment. Similar to
the bottom panel of Figure 3.11, except we have normalized the SF fractions by the fraction
of star-forming galaxies in the void at each mass bin. Therefore, the void SF fractions
correspond to the horizontal dashed line. Note that we have omitted the highest-mass bin,
because the statistics are very poor in that bin and the SF fraction of void galaxies in that
mass bin is zero.
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To address this question more quantitatively, we perform an analysis of the SF fractions
of sub-samples of the void and filament populations that carefully controls for differences
in stellar mass. We run 200 Monte Carlo trials, where for each trial we loop over all
seven successive bins in stellar mass, and we randomly select 500 galaxies from the void
population in that mass bin (allowing for repeats). Next, we select 500 galaxies from the
filament population whose stellar masses are each the closest to the stellar masses of the
500 randomly-selected void galaxies we just chose. In other words, for each Monte Carlo
trial we select 500 representative void galaxies and 500 filament galaxies having exactly
the same stellar mass distribution as our void sub-sample. Then, if we compare the SF
fractions of these sub-samples of void and filament galaxies, we have done so in a manner
more carefully controlling for stellar mass.
Figure 3.13 presents the results of our random trials controlling for stellar mass, which
has the same format as in Figure 3.12, plotting the SF fractions relative to the void. In
this case, we are plotting just the SF fractions of the void (which, by default, consists
of a straight horizontal line at 1.0 in this figure), the filament (which is the same as in
Figure 3.12), and in a green band we plot the SF fractions, relative to the void, of our
re-sampled filament galaxies chosen to have a stellar mass distribution identical to that of
the void. The position and width of the green band at each mass bin reflects the median
and standard deviation of the SF fractions, relative to the void, of the set of random Monte
Carlo realizations. If the difference in SF fraction between the void and filament were
primarily due to their distinct stellar mass distributions, then the green band would be
more consistent with the void SF fractions compared to the filament. Although we do find
that the green band in Figure 3.13 is shifted slightly upwards toward the void SF fractions, it
is still largely more consistent with the filament than the void. To quantify this, we generate
6000 random sets of simulated SF fractions (1000 for each of the six bins in stellar mass
plotted in Figure 3.13) for the void, filament, and the Monte Carlo re-sampled set, given the
median values and standard deviations shown in 3.13. Then, for each random simulation
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Figure 3.13 Random trials to control for stellar mass distributions in the filaments. The
green band shows the range of SF fractions, relative to the void SF fractions, for the ran-
dom Monte Carlo trials described in Section 3.2.3.1, where we selected galaxies from the
filament population having the same stellar mass distribution as the void galaxies.
we quantify whether the Monte Carlo derived SF fraction is more consistent with the void
or the filament SF fractions. In 85 per-cent of cases the Monte Carlo SF fraction is more
consistent with the filament than the void. This implies that the difference in stellar mass
distributions plays at most a minor role in the observed differences in SF fraction between
the void and the filament.
3.2.4 SFR and quenching versus environment
Another curious result present in Chapter 2 (see Section 2.4.2.2) came from a com-
parison of the SFR distributions of galaxies as a function of environment in the Coma
Supercluster. By examining the distributions of SFRs for star-forming galaxies in different
environments, one can probe the relative timescales of the quenching of galaxies, because
if quenching occurs on long timescales then one should see a distinct shift in the SFR dis-
tribution towards lower SFRs for galaxies experiencing quenching. However, if quenching
occurs on such short timescales as to be effectively instantaneous, then galaxies will be
seen in a more-or-less binary state (star-forming or not), with no discernible difference in
the SFR distributions. In the previous chapter, we presented some tentative evidence that
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there might be a difference between the SFR distributions for massive galaxies at higher-
density environments, which might indicate that those galaxies quench on longer timescales
in clusters or groups. However, it might have simply been tracing the fact that the statistics
were somewhat meager, particularly for massive star-forming galaxies.
With greatly improved statistics in our expanded SDSS sample, we can now definitively
tackle this issue. Figure 3.14 shows a series of histograms of the cumulative distributions
of SFRs for all galaxies, dividing each panel by bins in stellar mass and with the cumulative
distributions of galaxies in different environments plotted separately. Note that in this
case, the SFR distributions are distinct in all environments except for the highest stellar
masses, where virtually all galaxies are quiescent. This reflects the fact that the ratio of
quiescent-to-star-forming galaxies changes as a function of environment within each mass
bin. Therefore, a comparison of the SFR distributions of these distinct environments should
be made only with the samples of galaxies that are all star-forming. To that end, Figure 3.15
presents the cumulative distributions of SFRs for galaxies in the same bins of environment
and stellar mass as in Figure 3.14, but with just the star-forming galaxies (those having
sSFR   2:5[Gyr 1]) considered. It is worth noting that our highest-mass panel is not
plotted in this case, because of the extremely small statistics of star-forming galaxies at such
high stellar masses. We find that when we compare the SFR distributions of star-forming
galaxies alone, the distinctions between the various environments disappears. Indeed, we
now find that the cumulative distributions in each panel of Figure 3.15 are consistent with
being drawn from the same distribution. These results indicate that there is no measurable
distinction between the SFR distributions of star-forming galaxies as a function of mass or
environment across our sample, and therefore we conclude that the environmentally-driven
quenching of star formation must occur on a relatively rapid timescale.
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Figure 3.14 SFR distributions of all galaxies. Each panel shows the cumulative distribution
of galaxies in each of eight bins of stellar mass.
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Figure 3.15 SFR distributions of star-forming galaxies. Each panel shows the cumulative
distribution of galaxies in each of eight bins of stellar mass.
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3.2.4.1 NUV   r color
Another useful way to assess SF and quenching in galaxies is to examine the UV-to-
optical colors. In particular, the NUV   r color is very sensitive to the age of the stellar
population, and therefore it can serve as a helpful proxy for the time since SF was quenched
in a galaxy. Note, however, that the NUV   r color is susceptible to dust extinction, and
therefore there is degeneracy between dust reddening and the age of the stellar population.
In Figure 3.16 we plot the NUV   r color versus stellar mass for galaxies separated into
different bins of environment. Along with the NUV   r colors of these galaxies, we plot
the lower limits of simple stellar populations from the models of Bruzual & Charlot (2003),
where we have used a model with a Kroupa IMF and solar metallicity, with age thresholds
of 300 Myr, 600 Myr, and 1 Gyr indicated.
The blue contours in Figure 3.16 give a rough picture of the NUV r color distributions
of galaxies in each environment, but to help guide the eye we include red squares indicating
the medianNUV r color in seven mass bins spanning the sample mass range. Tracking the
median NUV   r colors, we see a very slight shift towards redder colors between the void
and the filament population, with an average D(NUV   r) = 0:15. A much more dramatic
shift in NUV r colors is seen between the void and the group galaxies, with median colors
redder in the group by about 0.75 on average. And in the cluster environment, galaxies tend
to be redder than the void sample by D(NUV   r) = 1:4 on average.
Note, however, that these average color differences don’t tell the whole story because
there is a significant stellar mass dependence on the differences in NUV   r colors. In the
lowest stellar mass bins, we see the most dramatic differences in NUV   r color between
environments, while at high masses the shift becomes much weaker. This effect might be
driven partially by the tendency for star-forming galaxies of greater mass to have more
substantial dust extinction, and therefore redder NUV   r colors, but it’s more likely that
this stellar mass dependence reflects an intrinsic effect due to downsizing. With downsizing,
we tend to find that the most massive galaxies quenched their star-formation activity at
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earlier epochs, while lower-mass galaxies are either quenched more recently or not yet
quenched at all. The fact that we see a similar trend in our plot of SF fractions versus
environment (see Figure 3.11), with a large spread in SF fractions at lower stellar masses
but a much tighter range at higher-masses, leads us to conclude that the corresponding
effects we see traced by the NUV   r colors are not significantly biased by dust extinction.
3.2.4.2 Post-starburst galaxies
We have also plotted in Figure 3.16 the post-starburst, or k+A, galaxies in this color-
versus-M plane. Post-starburst galaxies are selected, using the available SDSS spec-
troscopy, for having strong Hd absorption but little-to-no Ha emission, which is an in-
dication that a galaxy has a significant population of A-type stars but no recent-or-ongoing
star-formation. Hence, the designation post-starburst implies that these galaxies were un-
dergoing a starburst up to  1 1:5 Gyr ago, but have since been quenched.
The most obvious observations to be made about the post-starburst galaxies in Figure
3.16 are that they are primarily located in lower-density environments and that they con-
spicuously avoid the parts of the color versus stellar mass plane populated by the majority
of the galaxies. The post-starburst galaxies are mostly located in the “green valley” in
between the blue cloud and the red sequence, which is what one would expect given that
they are recently-quenched galaxies. The dearth of post-starburst galaxies in the vicinity of
groups and clusters likely reflects the underlying fact that there are exceptionally few star-
forming, much less star-bursting, galaxies in the dense environments in the local Universe.
3.2.5 Environmental dependence of the stellar mass function
One vital, and straightforward, way to assess the integrated history of star-formation
of galaxies is via the stellar mass function, which is a quantitative measure of the number
density of galaxies as a function of stellar mass. Doing so allows us to examine, at a glance,
the relative abundances of low-, intermediate-, and high-mass galaxies in each environment,
and so to gain insight into the SFHs of these environments side-by-side. Typically, the mass
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Figure 3.16 NUV   r distribution versus environment. Each panel shows the NUV-r colors
of galaxies, versus stellar mass, in the various environment categories with blue contours.
The dashed line shows a fit to the “red sequence”, and the red squares denote the median
NUV r color in eight bins of stellar mass. The green horizontal bars indicate theminimum
expectedNUV r colors for stellar populations of varying ages based on Bruzual & Charlot
(2003) population synthesis models (with a Kroupa IMF and solar metallicity). As the
upward-pointing arrows indicate, these expected NUV   r colors are a minimum threshold
because we have not corrected for internal dust extinction in these galaxies. Finally, the
yellow stars indicate “post-starburst”, or k+A, galaxies.
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function is fit with a Schechter function (Schechter, 1976), which has the general form of
a power-law for lower-mass galaxies that transitions into an exponential that declines with
increasing stellar mass above some characteristic massM:
F dlog(M) = ln(10)Fe 10
logM logM 
10logM logM
a+1
dlog(M); (3.6)
where F is the number density of galaxies as a function of stellar mass, F is a normal-
ization constant, a is the power-law slope and M is the characteristic mass above which
the exponential term dominates. The resulting mass functions, split into our four environ-
ment categories, are presented in Figure 3.17. The top panel shows the mass functions in
each environment, while in the bottom panel we show the mass functions normalized to
match the cluster mass function at a particular mass (M = 109:9 M) to demonstrate the
differences in the shapes of the mass functions in different environments more clearly. The
void population is noticeably less abundant in high-mass galaxies relative to the low-mass
end. Indeed, the exponential “knee” of the mass function occurs at lower stellar masses
in the void and filament compared to the group and cluster environments, which agrees
with the our earlier observations of the relative over-abundance of high-mass galaxies in
the higher-density environments. One other striking feature of our mass function plots is
the apparent dearth of low-mass galaxies in the group environment. One can also see signs
of the lower stellar mass deficiencies in the group environment reflected in the stellar mass
histograms in the upper panels of Figure 3.11, which shows a very similar number of group
and cluster galaxies at stellar masses M  1010:3 M, but noticeably fewer galaxies in the
group environment below that mass threshold.
The Schechter function parameter fits to our samples in the four main environmental
categories are presented in Table 3.3. The characteristic mass M increases steadily from
the void to the cluster environment, which reflects the shift towards higher stellar mass
galaxies in the regimes of greater density.
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Figure 3.17 Stellar mass functions of galaxies in different environments. Top panel gives
the stellar mass functions for each environment, while in the bottom panel we have normal-
ized the mass functions to match the cluster mass function value at M = 109:9 M. The
error bars come from a bootstrapped resampling of the data. The solid line in each case
shows a fit using a Schechter function.
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Table 3.3 Best-fitted stellar mass function Schechter parameters.
Environment F M a
(Mpc 3) (1010 M)
Void 0.1080.003 3.640.09 -0.870.02
Filament 0.2250.004 3.910.07 -0.780.01
Group 0.0410.002 4.680.20 -0.690.03
Cluster 0.0390.002 5.110.23 -0.940.02
3.3 Discussion
3.3.1 Alternate measures of environment
Given that our procedure for characterizing environment relies on a combination of two
different techniques, and there are a proliferation of many more methods frequently used in
the literature, it is worthwhile to explore whether our results can be replicated using some
alternate approaches. In particular, we are interested in examining whether using just one
technique could provide equally informative results. In the following subsections, we will
present an overview of the results we obtain using some variations on our technique.
3.3.1.1 Halo Mass
An alternate approach one can take to measuring environment is to use the mass of the
parent dark matter halo to a galaxy. Thereby, one can assign galaxies to a group (with a
typical halo mass range of 1013 <Mh=M < 1014) or cluster (with Mh=M  1014). This
approach has no regard for the local projected density, but in theory it can be analogous to
our use of the MST, with the important exception that there is no consideration of whether
a galaxy might be in a filament or in a void. So, to compare the halo mass approach to our
own we have matched up our catalog to the “group” catalog of Yang et al. (2007), where
groups and clusters have been identified in the SDSS using a friends-of-friends algorithm,
and the properties of those groups and clusters (e.g., halo masses, velocity dispersions)
have been rigorously estimated and compared to simulations. Although our procedure in
the present study was not fundamentally based on the halo mass estimates, we did use the
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Yang et al. (2007) catalog’s halo masses to reliably differentiate groups and clusters in our
MST-defined structure catalogs.
In Figure 3.18 we plot the SF fractions for galaxies in different halo masses, using the
same definition for “star-forming” and the same mass bins as in Section 3.2.3. The results
are qualitatively very similar to what we presented in Figure 3.11, with a familiar decline in
SF fraction both as a function of mass and environment. One key difference is that the void
and filament galaxies must now be combined into one “field” sample instead. In fact, the
star-forming fractions of galaxies in the field, based on the parent halo masses, lie directly
in between the SF fractions we obtained for the void and the filaments in our analysis. How-
ever, even though the overall trend is similar to our earlier results there are some significant
differences with the group and cluster galaxies. Most importantly, the fraction of star-
forming galaxies is consistently 15  30 per-cent higher for the group-mass halo sample,
when compared to our earlier group catalog, and likewise the cluster halo sample in Figure
3.18 shows SF fractions elevated by 25 50 per-cent for stellar masses M  1010:25 M.
These systematic differences in the fraction of star-forming galaxies likely come from the
particular threshold between group/cluster and the surrounding “field” that one defines.
If, for example, we selected a lower density threshold for the boundary between filament
and group/cluster (say, three times the mean projected density in each redshift bin instead
of four) the result would be “expanded” groups and clusters that encompass more of the
surrounding filament galaxies and have slightly larger star-forming fractions overall.
The halo mass approach alone can provide an equally-informative look at the properties
of galaxies in groups and clusters, and could also improve on one’s sensitivity to those
massive structures by allowing one to further sub-divide the sample in bins of halo mass.
This sensitivity to halo mass, in turn, could lead to valuable insight into the effects of
the environment of, say, massive clusters versus less massive clusters that are harder to
determine using our approach.
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Figure 3.18 Fraction of star-forming galaxies in different dark matter halo masses. After
matching our catalog of galaxies to the Yang et al. (2007) group and cluster halo catalog, we
use the same definition of “star-forming” and use the same stellar mass bins as in Section
3.2.3 to examine the SF fractions of galaxies associated with different halo masses. The
purple line corresponds to galaxies not associated with groups or clusters. The orange line
corresponds to galaxies associated with haloes consistent with galaxy groups, and the red
line corresponds to cluster-mass haloes. The error bars come from a bootstrap resampling
of the galaxies in each bin of environment and stellar mass.
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3.3.1.2 Projected Density Alone
A natural question one might ask is whether it’s really necessary to utilize both the VT
and the MST to trace environment and perform our present analysis. After all, if we see
progressively higher average VT cell densities when going from the void to the filament,
group, and cluster, then might we be able to use projected density by itself and achieve the
same goal?
One reason to be extremely skeptical of that suggestion is apparent from an examina-
tion of the projected density distributions of the various environments in our sample. As we
show in Figure 3.19, although the overall projected densities of galaxies steadily increase
from the void to the cluster regimes, there is significant overlap between the projected den-
sities of galaxies in very different environments. Although there are some density ranges
in which we find predominantly one environment present, we almost never find a particular
range of densities with entirely one environment represented. As the top panel of Figure
3.19 shows, there is still an overall trend of declining fraction of star-forming galaxies with
increasing projected density. Note that the SF fractions plotted here are not separated into
bins of stellar mass, and so we are diluting the signal of SF activity versus environment by
folding in a range of galaxies whose star-forming fraction varies strongly as a function of
stellar mass into a single density bin. Statistics do not permit us to easily sub-divide the
sample into bins of stellar mass in addition to the bins of environment and density shown in
Figure 3.19, but later in this section we will demonstrate a method of replicating our main
results using only the projected densities with equal sensitivity to stellar mass.
While this approach of using projected density alone provides results that agree with
our earlier analysis to first order, it leaves us unable to cleanly separate the effects of the
cluster environment from the groups, or even the cluster and groups from the surround-
ing filaments. Therefore, the approach of using projected density alone might lead one
to miss a possible signature of quenching occurring in groups but not in clusters, for ex-
ample. Furthermore, this approach might not be capable of identifying clear signs of a
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Figure 3.19 Voronoi cell density histograms. The bottom panel shows the projected density
distributions for the four different environment categories, void (purple), filament (blue),
group (orange), and cluster (red). The middle panel charts the relative fraction of galaxies
in the different environments in each bin of projected density, based on the vertical extent
of the purple, blue, orange, and red. The top panel shows the fraction of SF galaxies in that
density bin.
decline in the SF activity of galaxies in the filaments compared to the void, as there is
significant overlap between the void and filaments at lower projected densities (e.g., at
log(S)   1:0 gal h2 Mpc 2), but at higher densities, where the filaments dominate, one
starts to find group and cluster galaxies contaminating, which can pollute the SF fraction
signal one is attempting to measure.
While the previous test seems to suggest that the projected density provides a tracer
of environment that is very much lacking, it is important to stress that the properties of
galaxies are in fact very sensitive to the projected density in our sample. We can clearly
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demonstrate the dependence of our results on projected density by examining trends as a
function of projected density within an environment category. The density distributions
plotted in Figure 3.19 show a large spread in local density within each environment (by as
much as three orders of magnitude), and to test the dependence on projected density alone
we should examine appropriately-selected sub-sets of each environment. In other words,
is there a substantial difference in the SF fraction of galaxies in the sub-sets of the fila-
ment, group, or cluster that are at higher-projected-density, or at lower-projected-density?
With our dataset, this particular test is very straightforward to perform. We separate our
environments into halves, split by their projected densities, and repeat the measurement of
the SF fractions using the higher-projected-density and lower-projected-density halves for
each environment. We present our results in Figure 3.20, which shows the same average SF
fractions, measured relative to the void, as in Figure 3.12 but with shaded regions that in-
dicate the expanded range of SF fractions that come from using just the lower-density half
or just the higher-density half of each environment. In this case, the half of the samples
with higher projected densities correspond to the lower half of the shaded regions, while
the upper half of the shaded region (with higher SF fractions) comes from the half of the
sample at lower projected densities.
The results in Figure 3.20 demonstrate that not only are there significant variations in
the fraction of star-forming galaxies from one type of environment to another, but also
as a function of projected density within a single type of environment. This supports the
overall hypothesis that a sufficiently accurate measurement of environment necessitates
both a probe of the global environment (i.e., cluster, group, filament, or void) and the local
environment, and it helps to justify our combined approach of using the MST with VT.
However, one could conceivably use the halo masses, as seen earlier in Section 3.3.1.1, to
differentiate clusters and groups from “field” galaxies, and then use projected densities to
differentiate the void from the filament galaxies.
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Figure 3.20 SF fractions relative to the void split by projected density. We show the same
SF fraction comparison as in 3.12, but this time we also include shaded regions to indicate
the range in SF fractions spanned by the halves of each environment at higher- and lower-
projected densities.
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We will explore one final approach using only the VT cell densities to attempt to repli-
cate our earlier results. Our rudimentary test, shown in Figure 3.19, folded all stellar masses
together into each bin of density, and so diluted the intended star-forming fraction signal.
We can endeavor to replicate our main results (in Section 3.2.3) using only the projected
densities by combining the cumulative distribution of Voronoi cell densities with the rel-
ative fractions of void, filament, group, and cluster galaxies that we measured in Section
3.2.1. Recall that we previously found that our galaxy samples are comprised of, on aver-
age, 28 per-cent void, 52 per-cent filament, 9 per-cent group, and 11 per-cent cluster galax-
ies. Therefore, if those environment categories roughly correspond to steadily-increasing
bins of projected density then we might reasonably approximate the selection of those en-
vironment categories by choosing void galaxies as those in the lowest 28 per-cent of the cu-
mulative distribution in projected density, filament galaxies from between 0:28< dcf 0:80
in the cumulative distribution, group galaxies from 0:80< dcf 0:89, and the cluster galax-
ies from 0:89 < dcf  1:0 in the cumulative distribution of VT cell densities. After doing
so, we repeat our calculation of SF fraction in seven bins of stellar mass, but this time using
our samples of galaxies selected to be in progressively greater projected densities, and our
results can be seen in Figure 3.21. As with our halo mass comparison we presented earlier,
there are obvious qualitative similarities between the SF fractions versus environment that
we obtain using projected densities alone and the results that we presented in Figure 3.11.
It is apparent that, to first order, the local projected density does an adequate job of select-
ing galaxies in the same categories of environment as our combined VT and MST analysis.
However, there are subtle, but important, nuances that are not captured in the approach of
using projected density alone.
3.4 Conclusions
We have carried out an extensive survey of the environments populated by galaxies
in a significant volume in the local Universe, and examined the stellar mass build-up and
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Figure 3.21 SF fractions from VT density alone. Fractions of star-forming galaxies, where
instead of the void, filament, group, and cluster environments we plotted in 3.11 we select
representative environment analogs using the cumulative distribution of VT cell densities
to choose the same number of galaxies as in our earlier analysis, but ranked by increasing
VT cell densities.
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star-formation activity of galaxies as a function of environment and stellar mass over more
than four orders of magnitude in local density and more than two orders of magnitude
in mass that includes observations in the UV, infrared, SDSS spectroscopy, and atomic
gas measurements. Using the redshift data, we have carried out a careful analysis of the
environments of galaxies, by first identifying likely members of massive structures (groups
and clusters of galaxies) and flagging them so that we avoid truncating these structures
having large line-of-sight velocity dispersions. Then, after splitting up the sample into
seven redshift bins covering the range 0:015  z  0:055, we utilized two methods for
characterizing the environments of galaxies, namely Voronoi Tessellation and the Minimal
Spanning Tree, and compared our results to what one obtains using the mass of the nearest
dark matter halo and using local density alone. Our principal results show:
1. The local Universe is comprised of approximately 28 per-cent void, 52 per-cent fila-
ment, 9 per-cent group, and 11 per-cent cluster galaxies, when counting the fractions
by number. Moreover, total galaxy stellar mass is distributed following approxi-
mate proportions of 24/52/11/13 per-cent, which represents a slight shift from the
lower-density to higher-density regimes. When considering the volume occupied in
the local Universe, the relative proportions are 63/35/1/1, and when tallying up the
environmental distribution of the total star-formation, the approximate breakdown
is 34/55/6/5. These results highlight the fact that the lower-density environments
contain more star-forming galaxies, and galaxies at lower stellar masses, than the
higher-density environments. However, a closer look at the star-formation activity
in these environments is needed to explore the degree to which the differences in
SF activity is caused by the environment or is simply tracing the underlying mass
differences of the galaxy constituents (see the next concluding point).
2. The aforementioned differences in star-formation in different environments is ex-
plored by examining the fraction of star-forming galaxies (having sSFR  2:5 [Gyr 1])
in each of eight bins of stellar mass. In doing so, we find a steady decline in the frac-
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tion of SF galaxies going from the void-filament-group-cluster environments. On
average, the fraction of SF galaxies declines by about 10 per-cent in the filaments,
relative to galaxies in the void at the same stellar mass, and that decline rises to 30
per-cent and then to 50 per-cent in the groups and the clusters, respectively. Further-
more, we have determined that the observed decline in SF fraction from the voids to
the filaments can not be primarily due to the differences in the stellar mass distribu-
tions between these two environments.
3. A comparison of the SFR distributions of star-forming galaxies in different environ-
ments reveals no significant differences, which implies that the quenching of galaxies
as a function of environment proceeds relatively rapidly.
4. We compare the stellar mass functions of galaxies in the void, filament, group, and
cluster environments, and find that galaxies in the void dominate at the lowest stellar
masses (M  1010:5 M), with a turn-over at stellar masses 1010:5 M  1011 M
where the filament environment is the most dominant. And at the highest stellar
masses, M  1011 M, the mass functions of the group and cluster environment
become the most prominent.
5. The NUV   r colors, as a function of stellar mass and environment, show similar
trends to the SF fractions, whereby galaxies at higher stellar masses are preferen-
tially quenched in all environments, whereas galaxies at lower masses strongly vary
between predominantly star-forming and strongly quenched depending on environ-
ment.
6. We have also explicitly demonstrated the value in using a two-pronged approach to
characterizing environment, which can measure both the global and local environ-
ment.
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CHAPTER 4
COOL BUDHIES I - A PILOT STUDY OF MOLECULAR AND
ATOMIC GAS AT Z ' 0:2
An understanding of the mass build-up in galaxies over time necessitates tracing the
evolution of cold gas (molecular and atomic) in galaxies. To that end, in this chapter
we present a pilot study called CO Observations with the LMT of the Blind Ultra-Deep
H I Environment Survey (COOL BUDHIES). We have observed 23 galaxies in and around
the two clusters Abell 2192 (z = 0:188) and Abell 963 (z = 0:206), where 12 are cluster
members and 11 are slightly in the foreground or background, using 28 total hours on the
Redshift Search Receiver (RSR) on the Large Millimeter Telescope (LMT) to measure the
12CO J = 1! 0 emission line and obtain molecular gas masses. These new observations
provide a unique opportunity to probe both the molecular and atomic components of galax-
ies as a function of environment beyond the local Universe. For our sample of 23 galaxies,
nine have reliable detections (S=N 3:6) of the 12CO line, and another six have marginal
detections (2:0< S=N< 3:6). For the remaining eight targets we can place upper limits on
molecular gas masses roughly between 109 and 1010M. Comparing our results to other
studies of molecular gas, we find that our sample is significantly more abundant in molecu-
lar gas overall, when compared to the stellar and the atomic gas component, and our median
molecular gas fraction lies about 1s above the upper limits of proposed redshift evolution
in earlier studies. We discuss possible reasons for this discrepancy, with the most likely
conclusion being target selection and Eddington bias.
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4.1 Introduction
One of the most important goals of modern astrophysics is to understand how galaxies
have evolved over cosmic time. One can approach this goal by examining the morpholo-
gies, stellar mass build-up, colors, and star-formation histories of galaxies as a function
of redshift. A number of studies along these lines have also revealed that the proper-
ties of galaxies strongly depend on local environment, as galaxies residing in regions of
higher density at z  1 are more frequently massive, early-type, and passively-evolving
(e.g., Dressler, 1980; Treu et al., 2003; Poggianti et al., 2006; Haines et al., 2007; Gallazzi
et al., 2009; Tran et al., 2009; Gavazzi et al., 2010; Mahajan et al., 2010; Jaffe´ et al., 2011;
Rasmussen et al., 2012; Scoville et al., 2013; Cybulski et al., 2014). However, it is also
fundamentally important to examine how the evolution of gas in the interstellar medium
(ISM) of galaxies impacts the growth of stellar mass over cosmic time and as a function of
environment. A key observational tool for these efforts is the cold gas content of galaxies,
both the atomic (H I ) and the molecular (H2, commonly traced by the line emission of the
12CO, hereafter referred to as CO, molecule) components, as stars form in galaxies from
the giant molecular clouds (GMCs) that arise out of the cold ISM. The molecular com-
ponent of the cold ISM, which is found to be more centrally concentrated in spiral disks,
tends to more closely trace the sites of recent star-formation activity than the H I gas, which
is more extended and loosely-bound to the galactic disk (see Young & Scoville, 1991, and
references therein).
Studies of the total cold ISM, molecular and atomic, in galaxies have historically been
relegated to the very local Universe (at distances<100 h 1Mpc), with most of the environ-
mental studies focusing on the Virgo cluster and Coma supercluster (e.g., Haynes et al.,
1984; Giovanelli & Haynes, 1985; Gavazzi, 1987; Kenney & Young, 1989; Casoli et al.,
1996; Boselli et al., 1997; Gavazzi et al., 2006; Pappalardo et al., 2012; Scott et al., 2013;
Boselli et al., 2014). These studies generally found strong evidence for the H I gas being
more readily stripped in the cluster environment than the molecular component, when using
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field galaxies as a baseline. Fabello et al. (2011) showed, by H I stacking on the Arecibo
Legacy Fast ALFA survey (ALFALFA; Giovanelli et al., 2005), that galaxies at z  0:06
exhibit distinct atomic gas deficiencies in environments of higher local density.
Observations of the cold molecular ISM in galaxies have begun extending to higher red-
shifts (e.g., Daddi et al., 2010; Krips et al., 2012; Magdis et al., 2012; Aravena et al., 2012;
Bauermeister et al., 2013; Combes et al., 2013; Hodge et al., 2013; Carilli & Walter, 2013),
and to probe higher-density environments, including luminous infrared galaxies (LIRGs)
in the outskirts of intermediate-redshift clusters (Geach et al., 2009, 2011; Jablonka et al.,
2013), but H I observations are much more scarce at intermediate redshifts. The GALEX
Arecibo SDSS Survey (GASS Catinella et al., 2010, 2012, 2013) consists of approximately
800 galaxies at z  0:05 with stellar masses M > 1010M, which have the benefit of
uniformly-derived stellar masses, star-formation rates (SFRs), and atomic gas masses. Fur-
thermore, the CO Legacy Database for the GASS (COLD GASS; Saintonge et al., 2011a)
has added new molecular gas measurements for a sub-sample of 366 galaxies in GASS.
At higher redshift, a study by Lah et al. (2009) of the galaxy cluster Abell 370 (z = 0:37)
stacked on the positions of more than 300 galaxies, with known spectroscopic redshifts,
using 21cm observations with the Giant Metrewave Radio Telescope. The H I stacks place
constraints on the average atomic gas mass of galaxies in this cluster, and indicate that the
cluster members are generally more gas-rich than their counterparts in clusters at lower-
redshift. The HIGHz survey (Catinella et al., 2008; Catinella & Cortese, 2015) used the
Arecibo telescope to measure H I in 39 galaxies at redshifts 0:17  z  0:25, specifically
targeting isolated galaxies with large gas reservoirs. The COSMOS HI Large Extragalactic
Survey (CHILES; Ferna´ndez et al., 2013) is surveying a portion of the COSMOS (Scoville
et al., 2007) field with the Jansky Very Large Array, and with sufficient sensitivity to detect
atomic gas in galaxies out to z  0:5. Initial results from the CHILES project include the
detection of 21cm emission from a galaxy at z' 0:37 (Ferna´ndez et al., 2016).
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In recent years, simulations of the gas content in galaxies have begun to predict, using
semi-analytic (e.g. Obreschkow et al., 2009; Lagos et al., 2011, 2014; Popping et al., 2014,
2015) or hydrodynamical (e.g. Dave´ et al., 2012, 2013; Rafieferantsoa et al., 2015) pre-
scriptions, how gas evolves in galaxies over time. One of the most important unanswered
questions is how the atomic gas content of galaxies evolves with time relative to the molec-
ular gas. Popping et al. (2014), and others, have shown that changes in model assumptions
can yield dramatically different evolution of the molecular-to-atomic gas ratios in galax-
ies, and the lingering uncertainties regarding the abundances of these cold gas components
significantly obfuscate our theoretical understanding of galaxy evolution. These model un-
certainties underscore a need for observations of the total cold gas content of the ISM that
extend beyond the local Universe, and which sample a range of galaxy environments.
To address the observational need for measurements of atomic gas in galaxies at in-
termediate redshifts, and at higher-density environments, we have carried out an unprece-
dented study of the atomic gas, stellar populations, morphology, and star-formation activi-
ties of two galaxy clusters at z 0:2 and their surrounding large scale structure. Our project,
the Blind Ultra-Deep H I Environmental Survey (BUDHIES; Verheijen et al., 2007, 2010;
Jaffe´ et al., 2012, 2013, 2015), consists of multi-wavelength observations covering an area
of 11 deg2 (100 Mpc2) around the two clusters Abell 2192 (z= 0:188, RA=16:26:37.1,
Dec=+42:40:20) and Abell 963 (z= 0:206, RA=10:17:13.9, Dec=+39:01:31). The H I data
allow us to sensitively probe the effects of galaxy transformation (e.g., ram-pressure strip-
ping, starvation, harassment, and mergers) on atomic gas in galaxies in a range of envi-
ronments. These two clusters were chosen for their contrasting dynamical states; A963 is
extremely rich, X-ray luminous, and fairly dynamically relaxed, while A2192 is less mas-
sive, less X-ray luminous, and is less relaxed (Jaffe´ et al., 2013). Both clusters have been
shown to contain significant sub-structure in our spectroscopic studies (Jaffe´ et al., 2013).
All together, our study provides an unprecedented look at the evolutionary state of galax-
ies in a large dynamic range of environments, and at a redshift where the Butcher-Oemler
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effect (Butcher & Oemler, 1984) first presents a strong increase in galaxy activity at high
densities.
To fill in the missing pieces of the cold gas puzzle in these two clusters, we have begun
a pilot study of the molecular gas content of BUDHIES galaxies with the Redshift Search
Receiver (RSR) on the Large Millimeter Telescope Alfonso Serrano (LMT) in Mexico. Our
pilot study, which we are calling CO Observations with the LMT of BUDHIES (COOL
BUDHIES), has measured the CO emission line, or placed upper limits on the emission
line, for a sample of 23 galaxies selected from the BUDHIES fields. Our sample, which is
comprised of half H I -selected galaxies and half H I -undetected but selected via detections
in the infrared with the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al.,
2004), consists of targets with stellar masses M  1010M and spectroscopic redshifts
from the optical and/or H I .
Section 4.2 describes our sample and our existing BUDHIES data (4.2.1), and our new
LMT CO observations are described in Section 4.2.2. Section 4.2.2.1 describes our proce-
dures for reduction and analysis of the new CO spectra, and in Section 4.2.2.2 we describe
our accounting for false detections. In Section 4.2.3 we describe our primary reference
sample, and in Section 4.3 we present our molecular gas masses (4.3.1), and compare the
gas content of our target sample to our local reference sample. Section 4.3.2 compares the
molecular and atomic gas masses in our sample, and to our reference sample, and Sec-
tion 4.3.3 examines the gas content related to environment. We discuss the implications
of our results, further interpretation, and highlight the next steps of the COOL BUDHIES
project in Section 4.4. Throughout this paper we use cosmological parameters WL = 0:70,
WM = 0:30, and H0 = 70 km s 1 Mpc 1, where pertinent cosmological quantities have
been calculated using the online Cosmology Calculator of E. L. Wright (Wright, 2006).
We also assume a Kroupa IMF (Kroupa, 2001).
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4.2 Sample and Data
4.2.1 BUDHIES Sample
The foundation of the BUDHIES project is ultra-deep H Imapping with the Westerbork
Synthesis Radio Telescope (WSRT), with 7812hr on A2192 and 11712hr on A963, to
a 4s detection threshold of 2109M. The details of the H I observations, the data reduc-
tion, and catalogue generation can be found in Verheijen et al. (2007, 2010). Our WSRT
survey revealed 160 H I detections spanning redshifts of 0:164  z  0:224. To supple-
ment these data we have obtained imaging with the Galaxy Evolution Explorer (GALEX;
Martin et al., 2005) in NUV and FUV, B- and R-band with the INT on La Palma, United
Kingdom Infrared Telescope (UKIRT) J- (for A963), H-, and K-band, and Spitzer Infrared
Array Camera (IRAC; Fazio et al., 2004) and MIPS. To more fully sample the optical-to-
NIR part of the spectrum, we also obtained data from the Sloan Digital Sky Survey (SDSS;
York et al., 2000). For the SDSS, we generated mosaics in u0g0r0i0z0 with the online Mon-
tage Image Mosaic Service1, which produces science-grade mosaics by co-adding SDSS
frames over an area of up to 1 square degree. We also have spectroscopic redshifts for over
2000 galaxies in these two clusters, which come from a combination of spectra taken at
the WHT in La Palma, the SDSS, the Wisconsin Indiana Yale NOAO (WIYN) Telescope,
and MMT/Hectospec observations from Hwang et al. (2014), and from the Local Cluster
Substructure Survey (LoCuSS) team (private comm.). Details can be found in Jaffe´ et al.
(2013) and in Jaffe´ et al. (in prep).
The Spitzer IRAC and MIPS data (PI: A. Chung) were reduced using the IDL pipeline
of R. Gutermuth (Gutermuth et al., 2009), and we use the MIPS [24] data to estimate the
total infrared luminosity LIR following the calibration of Rieke et al. (2009). The UKIRT
Near-IR data (PI: G. Morrison; JHK for A963 and HK for A2192) were processed by
the Joint Astronomy Centre (JAC) pipeline, and co-added mosaics were produced using
1http://hachi.ipac.caltech.edu:8080/montage/
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the complementary Astromatic2 tools Source Extractor (Bertin & Arnouts, 1996), SWarp
(Bertin et al., 2002), and SCAMP (Bertin, 2006). The GALEX FUV and NUV photometry
(PI: J. H. van Gorkom) come from the reduced data products available from the Mikulski
Archive for Space Telescopes3 (MAST), which provides calibrated photometry catalogues
for our maps of these two cluster fields.
Obtaining accurate stellar masses for our sample of galaxies can only be done with
properly-calibrated photometry and band-merged catalogues. We de-redden the photome-
try using the foreground galactic extinction values from Schlegel et al. (1998), assuming
RV = 3:1. The INT R-band image, being the deepest and highest-resolution map of these
clusters, forms the basis of our photometric catalogue. To make our band-merged cata-
logues, we first matched the astrometry of all our other images to the INT R-band frame,
correcting for sub-arcsecond offsets that we measured using bright (but un-saturated) point
sources detected using Source Extractor in each frame. In the process of checking the as-
trometry, we found a common occurrence of a systematic offset in Declination of  0:300
for all of our frames compared to the INT B- and R-band frames, and so we adjusted the
INT astrometry to be in better agreement with the median systematic offsets in Declination
as well. After getting each frame onto a common astrometric solution, we measure pho-
tometry with Source Extractor using Kron elliptical apertures for all bands from SDSS u0
through IRAC [4.5]. We measure aperture corrections in each of these frames by compar-
ing the elliptical-aperture photometry, for isolated sources, with the photometry measured
from much larger circular apertures, obtaining corrections of approximately 0.05-0.10 mag
in each band. Finally, the individual catalogues are merged with the INT R-band source
list to produce a final catalogue. The IRAC [5.8] and [8.0] photometry are excluded from
our catalogues, as we found them to generally lack sufficient sensitivity. After merging the
2http://www.astromatic.net
3http://galex.stsci.edu/
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SDSS u0 through IRAC [4.5] bands, we match the GALEX FUV & NUV catalogue as well
as the MIPS [24] catalogue to the final band-merged catalogue.
After band-merging, we perform spectral energy distribution (SED) fitting using the
Fortran-based code MAGPHYS4 (da Cunha et al., 2008, 2015). SED fitting is restricted
to only those galaxies having spectroscopic redshifts (either from optical or H I ), keep-
ing the redshift fixed and finding the best-fitting SED from the Bruzual & Charlot (2003)
population synthesis models. The MAGPHYS code is built with a Bayesian framework,
and it marginalizes over a number of parameters affecting the stellar light (e.g., metallicity
and dust extinction) and it also can simultaneously find the best-fitting dust emission in the
infrared, while maintaining energy balance between the absorbed UV-optical light and the
re-emitted infrared (via Polycyclic Aromatic Hydrocarbons in addition to warm and cold
dust components). Since we are only concerned with the stellar component of the SED in
our present analysis, and we only fit SEDs using the GALEX through IRAC [4.5], we ig-
nore any of the dust information returned by MAGPHYS and use just the total stellar mass
(converted to a Kroupa IMF). To estimate the typical 1s dispersion of our stellar mass es-
timates, we exploit the fact that MAGPHYS returns a full probability distribution function
(PDF) of the stellar mass. We stack on all of the stellar mass PDFs, centered on the maxi-
mum likelihood stellar mass of each, for all galaxies having a stellar mass M  1010M.
The mean stacked PDF has a standard deviation of ' 0:08 dex, which we conservatively
round up to 0.1 dex to help account for additional systematic uncertainties affecting our
stellar mass estimates.
To verify that we have obtained reasonable mass estimates, we compare our stellar
masses to those calculated using independent calibrations in the optical and near-to-mid-
infrared. Our comparison optically-derived stellar masses are from Zibetti et al. (2009),
using our INT B  and R band rest frame photometry with:
4http://www.iap.fr/magphys/magphys/MAGPHYS.html
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M
M
= LR10 1:200+1:066(magB magR)+100:04; (4.1)
where LR is the R-band luminosity (in L) and the 100:04 term converts the IMF to
Kroupa. Our other comparison stellar mass calibration comes from Eskew et al. (2012)
using IRAC [3.6] & [4.5]. We estimate stellar masses, similarly as we have in Cybulski
et al. (2014), as:
log

M
M

= log(0:69105:65) f 2:85I1 f 1:85I2 (DL=0:05)2 (4.2)
where fI1 and fI2 are the rest-frame fluxes in [3.6] and [4.5], respectively, in Jy, DL is
the luminosity distance in Mpc, and the mass is also in a Kroupa IMF.
Using the  2000 galaxies in these two fields that have spectroscopic redshifts, detec-
tions in the optical and IRAC [3.6] and [4.5] bands, and a stellar mass range of 108 M 
1012M, we compare the Zibetti et al. (2009) optical stellar masses and the Eskew et al.
(2012) IRAC stellar masses to those of MAGPHYS. We find a strong linear correlation
(with a Pearson correlation coefficient of 0.91 and 0.80 for the optical and IRAC stellar
masses, respectively), a median stellar mass agreement of within 20 per-cent, and a disper-
sion corresponding to 0.25 dex (for optical) and 0.32 dex (for IRAC). Hereafter, our stellar
masses come from the MAGPHYS code.
Our targets were selected randomly from our band-merged catalogue from the galaxies
satisfying the following criteria:
1. M  1010M
2. spectroscopic redshifts, with j zspec  zcl j 0:05(1+ zcl), where zcl is the redshift of
the cluster
3. either a detection in H I , or no detection in H I but a detection in MIPS [24].
The full sample of galaxies matching these selection criteria is over 150, but for the
purposes of our pilot study we must restrict our observations to a small subset (see Figure
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Figure 4.1 BUDHIES galaxy sample: histograms of stellar mass, atomic gas mass, and
infrared luminosity. Histograms comparing the distribution of the parent sample of galaxies
in the BUDHIES cluster fields (black) to the targets selected for this pilot study (red). The
histograms have all been normalized by the total number of galaxies in the parent sample.
The histograms show the distributions of stellar mass (left), infrared luminosity (middle),
and H Imass (right). The vertical dashed line on the left panel indicates the minimum stellar
mass considered for this pilot study. The stellar masses shown here are derived using the
MAGPHYS SED fitting code (see Section 4.2.1 of the text).
4.1). Therefore, our sample consists of roughly half galaxies that are H I selected, with
no regard for their MIPS [24] flux, and half that are undetected in H I but are MIPS [24]
selected. Note, however, that our redshift window for target selection for CO observations
doesn’t overlap exactly with the redshift window for our H I detections with the WSRT
(0:1646  zHI  0:2241). As a result, the eleven galaxies lacking H I data in our sample
are comprised of six which are in the volume mapped by the WSRT, and have upper limits
on their H I masses, and five which are outside of that volume (for which we have no
data). Hereafter, we define galaxies as cluster members if they have projected separations
of Rproj  3R200 from the cluster center and line-of-sight velocities within three times the
velocity dispersion of the cluster.
4.2.2 New LMT Observations
The LMT is a 50-m radio telescope located on Volca´n Sierra Negra in Mexico, at an
elevation of 4600 meters (Hughes et al., 2010). For the Early Science campaigns at the
LMT, the inner 32.5 meters of the primary dish is illuminated by the receiver optics. During
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the observing seasons, the median opacity at the site at 225 GHz is t = 0:1. The pointing
RMS is 300 over the entire sky, but is reduced to 1-200 for targets located within  10deg of
known sources.
We observed our targets with the RSR between 13 March and 29 April of 2014 as
part of the Early Science 2 (ES2) season at the LMT. The RSR has a novel design, with
a monolithic microwave integrated circuit (MMIC) system, that receives signals over four
pixels simultaneously covering a frequency range of 73  111 GHz, sampled at 31 MHz
(corresponding to  100km s 1 at 90 GHz). The RSR has a beam full width half maxi-
mum (FWHM) that is frequency-dependent, but for our targets it is ' 2300. The RSR beam
FWHM is very well-matched to the angular sizes of the optical disks of our target galaxies,
whose median R90, derived from our INT R-band mosaic, is 11.600 (see the postage-stamp
images of our targets in Appendix C.1 for a comparison of the optical disks to the RSR
beam). The RSR system has been optimized to provide great stability in spectral baseline
over the entire frequency range being sampled. The RSR was designed to operate on the
LMT, but it has previously been commissioned on the Five College Radio Astronomy Ob-
servatory (FCRAO) 14-m telescope (e.g., Chung et al., 2009; Snell et al., 2011), and was
also used recently with LMT observations in Kirkpatrick et al. (2014) and Zavala et al.
(2015). For a technical description of the RSR system, see Erickson et al. (2007). Our ob-
servations were taken with a system temperature ranging from 87 113K, and our targets
were observed for about 1 hr each (see Table 4.1 for specific integration times) with typical
rms noise of  0:190mK.
4.2.2.1 Data Reduction and Analysis
We reduced the spectra using DREAMPY (Data REduction and Analysis Methods in
PYthon), a software package written by G. Narayanan specifically to reduce and analyze
RSR spectra. The RSR produces four separate spectra for each observation; prior to co-
adding them, the four spectra are individually calibrated and visually checked for any
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Figure 4.2 Example RSR spectrum with baseline filtering. A portion of the spectrum of our
target J162523.6+422740, centered on the CO line. The top panel shows the spectrum after
reducing it with DREAMPY, without applying our Savitzky-Golay filter. The polynomial
fit to the spectrum is denoted by the red dashed line. The bottom panel is the spectrum after
filtering. The vertical dotted line in both panels shows the expected central frequency of
the line, based on the prior redshift information.
known instrumental artifacts that occasionally arise. Any portion of the spectrum found
to exhibit those artifacts is flagged for removal.
After co-adding the spectra, we analyze them using a custom IDL code that fits the
line with a Gaussian using a Markov Chain Monte Carlo (MCMC) approach to robustly
determine the parameters of the line (amplitude, central frequency, standard deviation, and
D.C. offset) and their statistical errors. We begin by searching for an initial Gaussian fit
in the spectrum to a line having positive amplitude and a central frequency within 0.08
GHz of the expected CO frequency (corresponding to a velocity range of  250km s 1),
based on the prior optical/H I redshift for each galaxy. Then we subtract off that best-fitted
Gaussian from the spectrum and apply a Savitzky-Golay filter (Savitzky & Golay, 1964)
123
to the full spectrum that remains, to reduce the low-frequency signal. The Savitzky-Golay
filter we use is a “rolling” order-two polynomial fit to the spectrum with a width of 1 GHz.
Note that the width of our Savitzky-Golay filter is significantly greater than the width of
any astrophysical lines in our spectra. This filtering technique has been employed in many
prior spectroscopic studies (e.g., Faran et al., 2014; Stroe et al., 2015; Wang et al., 2015).
After computing the polynomial filter on the line-subtracted spectrum, we apply that filter
to the original spectrum, and then we fit a final Gaussian to the CO emission line in the
filtered spectrum. Our MCMC approach robustly samples the range of parameter space for
our spectra near the expected frequency of the CO line, and we determine the 1s errors on
our CO line parameter estimates based on the posterior distribution found by our MCMC
code. We run our MCMC line-fitting code for 4 104 steps as our initial “burn-in”, and
then for 6104 more steps to sample parameter space. Therefore, any ambiguity in the line
properties that might arise due to low signal-to-noise is accounted for in our measurements.
We include figures showing an example of our MCMC parameter fitting in Appendix C.2.
A demonstration of the filtering applied to one of our spectra is shown in Figure 4.2. In
Figure 4.3 we show the full spectrum of one of our targets, as well as a zoomed-in view of
the portion of the spectrum near the identified CO line.
We convert the spectra from units of modified antenna temperature TA to flux density
by multiplying by the telescope gain of 7 Jy K 1 (F. P. Schloerb, private comm.). And
we also convert the spectra from units of frequency to velocity, centered on the nCO that
we fit in the spectrum, and account for distortions when translating between frequency
intervals and velocities at each galaxy’s redshift following Gordon et al. (1992). Then we
obtain the total line flux by integrating the spectrum over the velocity interval given by 2
times the standard deviation of the best-fitted Gaussian centered on the velocity of the line.
The associated error of the line flux measurement is determined by integrating the RMS
measured in the spectrum over the same interval. Table 4.1 presents the basic results of the
CO observations, including the integrated line fluxes, full width half maximum (FWHM),
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Figure 4.3 RSR CO spectrum. CO spectrum of one of our targets (J162644.6+422530),
after filtering, with a strong detection of the 12CO J = 1! 0 transition line. The vertical
dashed green line indicates the frequency where we expect to detect the line, based on the
H I redshift. The full spectrum is seen in the main figure and a zoomed-in view, centered
on the frequency of the CO line, is in the inset. The dashed red line in the inset denotes the
Gaussian fit to the CO line.
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and derived CO redshifts. Appendix C.1 presents all of our CO spectra, along with optical
postage stamp images and the H I spectrum, of our target galaxies.
4.2.2.2 False Detection Rate
Given that our technique for identifying molecular emission lines assumes a narrow
range in central frequency, based on prior redshift information, and then searches for the
best-fitting Gaussian near that frequency, we want to be sure that we understand the statis-
tical significance of our detections and signal-to-noise measurements. To explore this more
rigorously, we performed a set of random trials to test the likelihood of false detections in
our spectra.
We select 2000 random combinations of frequency and target number. Therefore, we
select, on average, about 90 random frequencies per spectrum, while avoiding the parts of
our spectra where we know or expect a CO line to be located. Then we run our filtering and
line detection algorithm on each of our random selections, which presumably only consist
of noise, recording any instance of a “detection” and its signal-to-noise. Next, we use the
cumulative distribution of the signal-to-noise values recovered in these random trials to
determine at which of our measured signal-to-noise values do we truly find the standard
deviation. Figure 4.4 shows the results of our false detection tests. S=N1s corresponds
to the signal-to-noise where our cumulative distribution reaches 68.269%, and S=N2s is
when the cumulative distribution hits 95.45%. These tests reveal that S=N1s = 1:8, and
S=N2s = 3:6, as shown in Figure 4.4, and they imply that we could expect a false detection
rate of between 5 and 25 per-cent for detections of 2:0< S=N< 3:6, and a false detection
rate of less than 5 per-cent for a S=N  3:6. Based on these tests, we decide to count
any detections with 2:0 < S=N < 3:6 as “marginal” and only consider a S=N  3:6 to
be a reliable detection. We do consider the integrated line flux, and estimated molecular
gas mass, for marginal detections, but we do not derive any other parameters (e.g., CO
redshifts) for them.
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Figure 4.4 RSR signal-to-noise false detection tests. Cumulative distribution of signal-
to-noise measured using our MCMC code for 2000 randomly-selected frequencies in our
RSR spectra (avoiding parts of the spectrum where we expect a CO line). The dashed line
indicates the signal-to-noise values corresponding to 1 times the standard deviation.
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Table 4.1 COOL BUDHIES I: RSR observations. CO observations of our target galaxies, separated into members of the two clusters and
foreground/background galaxies around the clusters. Column 2 gives the redshift of the target, based on prior optical or H I observations.
Column 3 gives the integration time. Column 4 has the RMS of the RSR spectrum, measured over a frequency range of1 GHz centered
on the CO line (excluding the line itself). Column 5 has the integrated line flux, and Column 6 gives the central frequency of the CO line.
Column 7 has the FWHM of the line, and Column 8 the redshift derived from the CO line. Note that we only give the latter of the derived
quantities for the cases where we have a reliable detection (S=N 3:6)
Designation zopt=HI tint rms SCODV nCO DV zCO
(hr) (mK) (Jy km s 1) (GHz) (km s 1)
A2192 Galaxies
J162523.6+422740 0.187 2.0 0.154 1.995  0.294 97.1387  0.0110 429  52 0.18667  0.00061
J162644.6+422530 0.189 1.0 0.217 2.387  0.293 96.9290  0.0022 176  12 0.18923  0.00012
J162528.4+424708 0.189 0.9 0.248 <1.006 ... ... ...
J162508.6+423400 0.190 1.0 0.218 1.326  0.466 ... ... ...
A2192 FG/BG Galaxies
J162555.2+425747 0.134 1.0 0.246 4.708  0.550 101.6751  0.0128 598  49 0.13372  0.00094
J162612.9+425242 0.146 1.0 0.196 3.329  0.256 100.6082  0.0019 161  11 0.14574  0.00013
J162558.0+425320 0.169 1.9 0.175 <0.856 ... ... ...
J162710.8+422754 0.173 1.0 1.485 <4.202 ... ... ...
J162721.0+424951 0.220 2.1 0.137 0.949  0.268 ... ... ...
J162613.4+423304 0.224 1.0 0.216 <0.637 ... ... ...
J162717.7+430309 0.228 1.1 0.211 0.714  0.294 ... ... ...
J162830.3+425120 0.228 1.1 0.195 1.392  0.386 93.7779  0.0118 559  150 0.22919  0.00055
A963 Galaxies
J101703.5+384157 0.201 1.0 0.224 <0.919 ... ... ...
J101727.7+384628 0.201 1.2 0.230 0.852  0.314 ... ... ...
J101705.5+384925 0.204 1.0 0.237 <1.537 ... ... ...
J101540.2+384913 0.204 1.0 0.325 1.292  0.445 ... ... ...
J101730.0+385831 0.204 1.0 0.186 1.324  0.313 95.7115  0.0144 340  50 0.20436  0.00073
J101803.6+384120 0.205 1.1 0.141 <0.411 ... ... ...
J101611.1+384924 0.207 1.0 0.208 1.640  0.286 95.5613  0.0075 203  38 0.20625  0.00038
J101618.0+390613 0.208 1.0 0.253 1.771  0.348 95.3854  0.0052 198  23 0.20848  0.00026
A963 FG/BG Galaxies
J101856.7+390158 0.161 1.1 0.302 2.166  0.690 ... ... ...
J101712.2+390559 0.165 1.2 0.260 <0.730 ... ... ...
J101624.0+385840 0.169 2.0 0.163 2.146  0.265 98.6013  0.0067 319  26 0.16906  0.00040
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4.2.3 Reference Sample: COLD GASS
For any pilot study such as ours, it is extremely important to place our results into
context with previous studies that have examined similar astrophysical quantities. The
natural choice for a reference sample to our current study is the CO Legacy Database for
the GALEX Arecibo SDSS Survey (COLD GASS; Saintonge et al., 2011a). COLD GASS
is an IRAM 30-m legacy survey that targeted about 350 nearby (z  0:05) galaxies with
stellar masses M  1010M. The COLD GASS sample is mass-selected from the parent
GASS survey (Catinella et al., 2010), which consists of H I observations with Arecibo for
nearby massive galaxies selected from the SDSS and GALEX. We obtained the COLD
GASS data products from their third public data release on their project website5. The
COLD GASS data set has also been used as a reference sample in Jablonka et al. (2013)
and in Lee et al. (2014).
To provide a better comparison with our own study, we supplement the available data
products for COLD GASS with photometry from the Wide-Field Infrared Survey Explorer
(WISE, Wright et al., 2010), which has mapped the whole sky in 3.4, 4.6, 12, and 22 mm.
As in Cybulski et al. (2014), we found matches to WISE by searching in the AllWISE
catalogue for counterparts within a 500 search radius centered on the SDSS galaxy positions
of the COLD GASS sample galaxies. We use the WISE [22] photometry to estimate LIR
and SFRIR, also using the calibration of Rieke et al. (2009).
4.2.3.1 Aperture corrections and beam contamination
One key benefit of our targets being at higher redshift than those of the COLD GASS
sample is that the beam for our CO observations more completely covers the disks of our
galaxies than for our lower-z reference sample. Consequently, we can confidently measure
the full extent of the CO emission in our targets without concern for missing any apprecia-
ble flux. Saintonge et al. (2011a) showed that for the COLD GASS sample, with a beam
5http://www.mpa-garching.mpg.de/COLD\_GASS/
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approximately the same size as that of the RSR (2200), they require a range of aperture cor-
rections for their CO fluxes from  20 50 per-cent, depending on the angular size of the
galaxy. If we apply their aperture correction formula to our targets, using the measured
optical sizes of our targets, we would require corrections of less than 2 per-cent. Given that
our measurement uncertainties are significantly greater than this correction factor, we opt
not to apply these aperture corrections for our sample. The COLD GASS catalogues that
we compare our sample with had aperture corrections applied to their CO measurements.
For a comparison of the angular sizes of our targets in contrast with those of the COLD
GASS sample, see the figures in Appendix C.3.
However, a potential drawback of the relative size of our aperture being greater, com-
pared to the angular extent of our target galaxies, is the risk of contamination from nearby
galaxies in our beam. This is a particularly significant concern when observing targets in
crowded fields, like in galaxy clusters such as ours. Note, however, that beam contam-
ination is only an issue when we have additional galaxies within the RSR beam whose
redshifts are the same. Although we occasionally find additional optical detections in our
maps within the RSR beam, we do not typically encounter multiple targets that are bright
in the infrared and overlapping with our beam. And even when we do, the redshifts of
the contaminating sources generally do not coincide with the target redshifts (the one ex-
ception is J162721.0+424951, although in that case the dominant source of the infrared
emission is our primary RSR target). Given that the strength of the CO line correlates
strongly with infrared emission (see Figure 4.5), we use our Spitzer MIPS data to assess
possible CO contamination, and also to correct for it when we have sources with co-incident
redshifts and positions within the target RSR beam.
4.3 Results
4.3.1 CO Luminosities and Molecular Gas Masses
We calculate the CO line luminosity by
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L0CO
K km s 1 pc2
= 3:25107SCODVn 2obsD2L(1+ z) 3; (4.3)
following Solomon & Vanden Bout (2005), where nobs is the frequency of the line in
GHz and DL is the luminosity distance in Mpc. In Figure 4.5 we plot the infrared luminosi-
ties versus CO line luminosities for our target sample, compared to similar observations
gathered from the literature (Scoville et al., 2003; Gao & Solomon, 2004; Chung et al.,
2009; Geach et al., 2009, 2011; Jablonka et al., 2013; Kirkpatrick et al., 2014). Our galax-
ies that are detected in CO follow the established trends in the literature, and they mostly
occupy an intermediate space between the less-infrared-luminous galaxies of COLD GASS
and the ultra-luminous infrared galaxies (ULIRGs) from Chung et al. (2009). Furthermore,
in Figure 4.5 we see no apparent difference between the cluster members and the fore-
ground/background galaxies in our sample.
To obtain estimates of molecular gas masses, we assume a CO-to-H2 conversion factor
of aCO = 4:6M(K km s 1 pc2) 1, which is roughly the value observed in the Milky Way
(Bolatto et al., 2013), and implies the following conversion:
MH2
M
=
4:6L0CO
K km s 1 pc2
: (4.4)
Table 4.2 gives the resulting CO line luminosities, infrared luminosities, and baryonic
mass components (molecular gas, atomic gas, and stellar) for the galaxies in our sample.
It is worthwhile to note that we unfortunately have only one galaxy in our sample that is
not a cluster member and has detections in both molecular and atomic gas. This is partly
due to small number statistics, but it is also a consequence of the target selection window
in redshift space (j zspec  zcl j 0:05(1+ zcl)) being a bit wider than the redshift window
over which our WSRT mapping can detect galaxies in H I (0:1646  zHI  0:2241), as
first mentioned in Section 4.2. When we lack an H I detection due to a non-detection in
the H I mapping, we indicate the upper limit on the H I gas mass in Table 4.2. However,
when we lack an H I detection because the target is outside of the redshift range of the
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Figure 4.5 Infrared luminosity versus CO line luminosity. Red squares are cluster mem-
bers, and red circles are targets in the foreground or background of our clusters. Unfilled
red squares and circles indicate non-detections. The dashed lines indicate constant values
of the ratio of LIR to MH2 (both in solar units). We also compare our sample to a num-
ber of other studies collected in the literature. The grey circles are galaxies from COLD
GASS (Saintonge et al., 2011a) with detections in CO and WISE [22]. The purple circles
are nearby ULIRGs from Chung et al. (2009), observed with the RSR on the FCRAO 14-m
telescope. Yellow triangles correspond to the sample of Gao & Solomon (2004). Blue stars
are low-redshift QSOs from Scoville et al. (2003), and the green and blue squares indicate
the intermediate-redshift cluster galaxies from Geach et al. (2009, 2011); Jablonka et al.
(2013). The yellow squares are from Kirkpatrick et al. (2014). Note that the infrared lumi-
nosities being plotted for the Kirkpatrick et al. (2014) points are not corrected to remove
the contribution due to an active galactic nucleus (AGN), to remain consistent with the rest
of the data being plotted.
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H I spectrum, we denote the H I gas mass with “...” in Table 4.2 and we exclude these
targets from any figures involving H I gas mass hereafter.
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Table 4.2 COOL BUDHIES I: relevant masses and luminosities. Column 2 gives the molecular gas line luminosity. Columns 3, 4 and 5
give the molecular gas, atomic gas, and stellar mass, respectively. Column 6 shows the infrared luminosity.
Designation L0CO MH2 MHI M log(LIR)
(109K km s 1 pc2) (109M) (109M) (1010M) [L]
A2192 Galaxies
J162523.6+422740 3.40  0.50 15.62  2.30 <2.00 1.77 11.00
J162644.6+422530 4.17  0.51 19.18  2.36 6.36  0.53 6.00 11.13
J162528.4+424708 <1.75 <8.07 9.70  0.46 1.49 10.74
J162508.6+423400 2.33  0.82 10.72  3.76 <2.00 10.05 10.91
A2192 FG/BG Galaxies
J162555.2+425747 4.01  0.47 18.46  2.16 ... 3.75 10.72
J162612.9+425242 3.39  0.26 15.59  1.20 ... 12.96 11.26
J162558.0+425320 <1.18 <5.43 11.36  0.71 3.16 10.39
J162710.8+422754 <6.06 <27.88 6.53  0.46 4.50 10.20
J162721.0+424951 2.26  0.64 10.41  2.95 4.70  0.45 4.29 11.00
J162613.4+423304 <1.58 <7.25 5.23  0.49 1.81 10.50
J162717.7+430309 1.83  0.75 8.40  3.46 ... 2.93 10.72
J162830.3+425120 3.59  0.99 16.51  4.58 ... 10.48 11.06
A963 Galaxies
J101703.5+384157 <1.82 <8.37 <2.00 4.92 10.66
J101727.7+384628 1.69  0.62 7.75  2.86 10.00  0.68 7.25 10.67
J101705.5+384925 <3.13 <14.41 8.44  0.59 4.37 10.56
J101540.2+384913 2.62  0.90 12.05  4.15 9.34  0.58 5.09 10.23
J101730.0+385831 2.70  0.64 12.41  2.93 3.51  0.26 2.95 11.14
J101803.6+384120 <0.85 <3.91 16.80  0.96 9.40 10.26
J101611.1+384924 3.44  0.60 15.81  2.75 13.54  0.76 11.81 10.84
J101618.0+390613 3.77  0.74 17.32  3.41 <2.00 6.37 11.39
A963 FG/BG Galaxies
J101856.7+390158 2.69  0.86 12.39  3.95 ... 12.23 10.86
J101712.2+390559 <0.95 <4.39 <2.00 5.88 11.28
J101624.0+385840 2.97  0.37 13.66  1.69 <2.00 9.73 11.42
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4.3.2 Molecular vs Atomic Gas Masses
In Figure 4.6 we plot a comparison of the molecular and atomic gas masses, normalized
by stellar mass, between our targets and the COLD GASS sample. Note that the COLD
GASS catalogs have molecular gas masses derived with a aCO of 4.35 (and 1.0 for the most
infrared luminous galaxies), unlike our 4.6. In our comparisons, we have re-scaled the
COLD GASS galaxies to match our adopted aCO factor throughout this work. It is notable
that our detections in CO show molecular gas masses generally in excess of most of the
COLD GASS sample, while our atomic gas masses show no such excess. However, given
that our selection of targets is based in part on LIR, and that our threshold for detecting
molecular gas is higher than with the COLD GASS sample, it is not surprising that our
sample would produce molecular gas detections that are high relative to what is observed
in the more local, not infrared-selected, sample of COLD GASS galaxies. Nevertheless, it
is interesting that those same galaxies with high molecular gas masses, relative to the local
reference sample, generally appear to have atomic gas masses that are more typical of the
reference sample.
We further examine the differences in the relative quantities of atomic and molecular
gas between our sample and COLD GASS by comparing their baryonic fractions of the
two gas components, and of the fraction of their total cold gas. We calculate the fractions
of molecular and atomic gas as:
fH2 =MH2=(MH2 +MHI+M) (4.5)
fHI =MHI=(MH2 +MHI+M); (4.6)
and present the gas mass fractions in Figure 4.7. The fraction of cold gas is calculated
as follows:
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Figure 4.6 Molecular and atomic gas masses vs stellar mass. (Top) Molecular gas masses,
normalized by stellar mass, versus stellar mass for our target sample (in red) compared
with the COLD GASS sample (grey). As in Figure 4.5, cluster members are squares and
fg/bg galaxies are circles. Unfilled symbols indicate non-detections. (Bottom) Atomic
gas masses, normalized by stellar mass, versus stellar mass for our target sample (in red)
compared with the COLD GASS sample (grey).
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fgas = (MH2 +MHI)=(MH2 +MHI+M): (4.7)
We also find that the molecular gas fractions for our targets are in excess of the majority
of the COLD GASS sample, with 10 40 per-cent molecular gas fractions for our targets
that have detections in both gas components. As before, we also find that the H I gas frac-
tions for our sample are typical of the atomic gas fractions for the reference sample, given
their stellar masses. For the six galaxies having detections in both cold gas components,
we measure an overall cold gas fraction fgas (in the right panel of Figure 4.7) of 20  40
per-cent, which is somewhat gas rich compared to the rest of the COLD GASS sample but
not as much of an excess as when we compare the molecular gas abundances alone. While
the panels of Figure 4.7 show how the relative fractions of molecular and atomic gas com-
ponents compare for the two samples, they do not show a direct comparison between the
molecular and atomic gas masses for these samples.
A direct comparison between the molecular and atomic gas masses for the two samples
is shown in Figure 4.8. Here we find the differences in molecular-to-atomic gas between our
sample and the COLD GASS reference galaxies the most apparent. The galaxies detected
in both CO and H I in our survey all lie on or above the 1:1 line in Figure 4.8, whereas the
vast majority of the COLD GASS galaxies are on the H I -dominated side. However, when
we highlight the more infrared luminous galaxies in the COLD GASS sample, the  15
per cent with LIR  109:5L, in Figure 4.8, we do see that the infrared-selected subset does
include most of the galaxies that are more molecular gas rich in the COLD GASS sample.
4.3.3 Molecular Gas and Environment
Our sample for this pilot study is split between cluster members (12) and non-members
(11) with the intention that we might explore, in a very basic way, the differences we see
between the half of our sample located in clusters to the half outside of the clusters. The
general statistics for cluster members versus non-members are presented in Table 4.3. With
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Figure 4.7 Molecular and atomic gas fractions vs stellar mass. (Top) Molecular gas frac-
tion versus stellar mass for our target sample (red) compared to the COLD GASS sample
(grey), where the molecular gas fraction takes into account the atomic, molecular, and stel-
lar component (see Equation 4.5). (Middle) Atomic gas fraction versus stellar mass for
our target sample (red) compared with the COLD GASS sample (grey), where the atomic
gas fraction takes into account the atomic, molecular, and stellar component (see Equation
4.6). (Bottom) total cold gas fraction versus stellar mass, where we now include only those
galaxies in our sample (red) and in the COLD GASS sample (grey) that are detected in
both H I and CO (see Equation 4.7). As in previous figures, unfilled red symbols indicate
non-detections.
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Figure 4.8 Molecular gas mass vs atomic gas mass. Both are normalized by stellar mass,
and we plot our sample (red) compared to the COLD GASS sample. The blue stars indicate
galaxies in the COLD GASS sample with LIR  109:5L, and the grey circles are galaxies
in COLD GASS with LIR < 109:5L. The solid line indicates a 1:1 ratio of molecular-to-
atomic gas mass, while the upper and lower dashed lines indicate a 10:1 and 1:10 ratio of
molecular-to-atomic gas mass, respectively.
139
Table 4.3 COOL BUDHIES I: basic environment statistics. Basic statistics on the cluster
members and non-members in our sample, including the number of detections of CO , and
the mean signal-to-noise of those detections.
# Total # Detections # Reliable Detections < S=N >
(S/N>2.0) (S/N>3.6) (detections)
Cluster Memb. 12 8 5 4.9
Cluster Non-memb. 11 7 4 6.1
such small numbers, it’s difficult to draw any significant conclusion from a comparison of
the cluster members versus the non-members, apart from the fact that the molecular gas
detection rates seem to have no strong dependence on whether the galaxies are in a cluster
or not. Indeed, in Figures 4.6 and 4.7 the distribution of cluster members (denoted by red
squares) is indistinguishable from that of non-members (red circles).
A meaningful examination of the role of environment requires a more complete sam-
pling of the cluster environment than what we can accomplish with such a small target
list. Our cluster members include just one galaxy (J101730.0+385831) having a projected
radius within the virial radius of its parent cluster, although it is worth noting that this par-
ticular galaxy is detected in CO . Of the remaining cluster members, seven have projected
radii of between 1-2 times the virial radius, and four are projected at more than 2 times
the virial radius. There is no obvious correlation between projected radius and CO content
that we can discern from this sample. A follow-up to this pilot study has already been car-
ried out in the LMT Early Science 3 (ES3) phase that addresses this limitation of the pilot
study, and will be presented in the following chapter. More details of this follow-up study
are described in the discussion at the end of Section 4.4.
4.4 Conclusions and discussion
We have completed a pilot CO study, COOL BUDHIES, targeting a sample of galax-
ies in and around z  0:2 clusters using the Redshift Search Receiver on the new Large
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Millimeter Telescope. Our sample consists of about half galaxies that are H I selected, and
half which lack H I detections but are selected based on MIPS [24]. Out of 23 galaxies in
our sample, we reliably detect the 12CO J = 1! 0 emission line (with S=N  3:6) in nine
galaxies, and we derive FWHM and CO redshifts for those galaxies. We also find marginal
detections (with 2:0< S=N < 3:6) for six galaxies, which we treat differently from the non-
detections because we find the emission line in the spectrum co-incident with the expected
frequency based on their prior redshift information. For the remaining eight galaxies in our
sample we fail to detect the CO line with even a marginal statistical significance in1hr of
integration.
There is an obvious correlation between infrared luminosity and the quantity of molec-
ular gas, consistent with previous studies (Young & Scoville, 1991). Eight out of the nine
LIRGs in our sample (89 per-cent) are detected in CO , while only seven out of the 14
galaxies below the LIRG threshold in infrared luminosity (50 per-cent) have molecular gas
detections. We also find our most molecular gas rich systems to typically be the most in-
frared luminous, as the subset of our targets havingMH2  1010M includes all but one of
the LIRGs.
We find a strong tendency for our target sample to be more molecular gas dominated
than the reference sample. While there are several possible factors that could contribute to
this tendency, the most significant factor is a bias introduced by our target selection (driven
by the infrared selection of half of the sample) and by Eddington bias. We can rule out the
influence of the cluster environment (e.g., ram-pressure stripping) as a significant cause,
as we see no difference between the distribution of cluster members and foreground and
background galaxies in Figures 4.6 and 4.7. It is abundantly clear, however, that we need
improved statistics and a more complete sampling of the cluster environment to assess any
affect that the environment has on the gas content of the cluster members.
One other potential cause of the molecular gas abundance of our sample that is worth
exploring is the redshift evolution in the molecular gas fraction from z 0 to z 0:2. Re-
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cent work by Genzel et al. (2015), combining new molecular gas measurements with work
from the literature, indicates that one should expect to find approximately a 30 per-cent
increase in the molecular gas fraction for galaxies on the “star forming main sequence”
between the redshift of the COLD GASS sample and the BUDHIES clusters. Similarly,
Geach et al. (2011) proposed that the molecular gas fraction evolves as µ (1+ z)20:5,
which implies an increase in the molecular gas fraction of  30 8 per-cent for a similar
sample of galaxies between the redshift of our comparison sample and the sample in our
pilot study. To examine this further, we have compiled data from various sources in the
literature, consisting of molecular gas masses and stellar masses, spanning a wide redshift
range to place this study in the context of our current picture of the evolution of molecular
gas abundance in galaxies. We show this molecular gas abundance comparison in Figure
4.9, along with the approximate upper and lower boundaries of expected evolution based on
the proportionality of Geach et al. (2011). One important caveat of Figure 4.9 is that these
various studies comprise a highly heterogeneous sample of galaxies, and differences intrin-
sic to the particular Hubble types, star-formation and gas accretion histories, environments,
and ISM properties of the galaxies being sampled could all affect the abundance of molec-
ular gas in these studies. Nevertheless, it is still relevant to place our results in context with
other studies, as it can help highlight how or why our sample differs with those studies.
It is clear from our comparison in Figure 4.9 that the relative abundance of molecular gas
that we find in our study is not accounted for in terms of the expected redshift evolution
alone, as our detections (solid red circle) lie approximately 1s above the expected redshift
evolution. Furthermore, when we calculate an upper limit on the molecular gas abundance
that includes our non-detections (unfilled red circle) it lies well within the expected trend
with redshift.
Therefore, we are left with the clear indication that the apparent over-abundance of
molecular gas in our pilot study is due to target selection and Eddington bias. About half
of our sample (those lacking H I detections) are selected in the infrared, and that selec-
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tion process will inherently result in a greater fraction of galaxies rich in molecular gas.
This tendency can also be seen in Figure 4.1, which shows that our targets tend to be
skewed towards greater infrared luminosity than the parent sample (center panel), whereas
the atomic gas masses do not show an obvious difference between the parent sample and
our pilot study’s sub-sample (right panel). Additionally, the apparent high abundance of
molecular gas in the targets of our study could be driven by Eddington bias, as our limits
of CO detection are not as low as in the COLD GASS study. Therefore, we only have re-
liable detections of molecular gas for the “upper envelope” of the most molecular gas rich
subset of galaxies we have targeted (e.g., our detections are on the upper boundaries of the
distribution of our comparison sample in the left panels of Figures 4.6 and 4.7).
One of the primary goals of the BUDHIES project is to understand the evolution of cold
gas in galaxies out to intermediate redshifts, and in particular to study the effects (if any) of
the cluster environment on that evolution. For our pilot COOL BUDHIES study, we have
only a limited sample of targets to examine. Nevertheless, by choosing our sample strate-
gically we have found some insight into the effects of target selection that will benefit our
future study. From this study we have confirmed that infrared luminosity is an extremely ef-
fective predictor of molecular gas abundance, while H I has little-to-no relation with H2 for
our sample at z 0:2. Our follow-up study, which has already been carried out in the LMT
Early Science 3 (ES3) season, has targeted an additional 43 galaxies in the cluster A963.
The expanded study includes targets that populate different parts of projected phase space
and a range of galaxy colours. Our combined ES2 and ES3 spectra will include 50 galaxies
populating the dynamical space around the massive cluster A963, and all having a range of
H I masses and infrared luminosities. With these data we will more sensitively probe the
effects of the cluster environment on molecular gas, as even with non-detections (which
we anticipate for redder, less infrared-luminous galaxies) we will have sufficient statistics
to stack on our CO spectra to examine the average molecular gas content of galaxies as
a function of stellar mass, colour, infrared luminosity, and environment. Furthermore, a
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Figure 4.9 Comparing COOL BUDHIES I molecular gas fraction to other studies. Molecu-
lar gas fractions are determined after ignoring atomic Hydrogen contributions. The median
molecular gas fraction for the galaxies with CO detections in our current study are plotted
with the red filled circle. The unfilled red circle indicates the median upper limit on the
molecular gas fraction from our non-detections. Also plotted are the range of molecular
gas fractions from Leroy et al. (2008) (blue star), Saintonge et al. (2011a) (purple circle),
Bauermeister et al. (2013) (blue squares), Kirkpatrick et al. (2014) (yellow circle), Tacconi
et al. (2010) (purple squares), and Bothwell et al. (2013) (green stars). The red dashed
lines show the approximate upper and lower limits for the proposed redshift evolution of
the molecular gas fraction from Geach et al. (2011). Note that the molecular gas fractions
for our detections lie about 1s above the upper boundary of the proposed trend, but that
the median upper limit for our whole sample, including the non-detections, lies within the
expected range of molecular gas abundance.
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side-by-side comparison to stacks of H I spectra for our galaxies will provide a much more
statistically robust examination of the effects of environment on the atomic and molecular
component of the ISM. The observations have been completed for the follow-up ES3 study,
and reductions of the spectra are finished. The results will be presented in the following
chapter.
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CHAPTER 5
COOL BUDHIES II - THE RESILIANCY OF MOLECULAR GAS
TO RAM-PRESSURE STRIPPING
We have obtained CO spectroscopy for 43 galaxies in the cluster A963 with the Red-
shift Search Receiver on the Large Millimeter Telescope. Along with our earlier pilot
study on this and another cluster at a similar intermediate redshift (z  0:2), we now have
CO spectroscopy for 66 galaxies as part of the Blind Ultra-Deep H I Environment Survey
(BUDHIES), for which we also have extremely deep mapping of the atomic gas. All to-
gether, our combined atomic and molecular gas measurements reveal a sample of galaxies
relatively rich in molecular gas (due to the subsets of targets chosen based on infrared lumi-
nosity and color) compared to the atomic gas mass. Furthermore, in contrast to the atomic
gas we find that the molecular gas reservoirs of our targets are largely unaffected by the
cluster environment (i.e., ram-pressure stripping), which suggests that galaxies in the older
cluster “virialized” population might routinely retain significant quantities of molecular gas
even as their star-formation activity steadily dwindles or extinguishes over time.
5.1 BUDHIES Sample
The BUDHIES data catalogs have been described in the previous chapter in Section
4.2, and also recently in Jaffe´ et al. (2016) and Cybulski et al. (2016), but we will briefly
summarize here. Our data consist of GALEX FUV & NUV, B- & R-band optical data
from the Isaac Newton Telescope (INT), J, H, and K-band photometry from the United
Kingdom Infrared Telescope (UKIRT), Spitzer IRAC & MIPS imaging, ultra-deep blind
H Imapping from theWesterbork Synthesis Radio Telescope (WSRT), approximately 2500
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optical spectra collected from various sources, and more than 70 hours of CO spectroscopy
with the RSR on the LMT. Our pilot study in Chapter 4 presented the initial 23 RSR/LMT
targets for CO spectroscopy using the Large Millimeter Telescope. In our present study,
we add 43 more targets for CO spectroscopy, and those observations will be outlined in the
following subsection.
For our follow-up COOL BUDHIES study we focus only on the more massive of the
two galaxy clusters, Abell 963, and our reasons are two-fold: 1) this cluster is substantially
more massive (M  1015 h 1 M) and dynamically relaxed than the other BUDHIES clus-
ter (Jaffe´ et al., 2013), which allows for a more clear examination of the effects of the cluster
environment on a larger sample of galaxies, and 2) we have significantly greater spectro-
scopic completeness for A963, as we are 70 per-cent complete for R < 19:5 mag (Jaffe´
et al., 2016). The more massive of the two BUDHIES clusters also has more H I detections
and more infrared-luminous galaxies associated with it, a fact that primarily reflects the
larger sample size of galaxies around A963. The fraction of H I -detected and galaxies is
greater in the more diminutive cluster A2192, but because A963 is substantially more rich
it has four times as many H I detections (92 versus 22) and nearly eight times as many
detections in MIPS (247 versus 32). Figure 5.1 shows the spatial distribution of galaxies
around the more massive of the two BUDHIES clusters, A963.
5.1.1 New LMT/RSR Observations
The LMT is a radio telescope operating at an elevation of 4600 meters at the summit
of Volca´n Sierra Negra in Mexico. At the time of the observations described in this study,
in the Early Science campaigns, the inner 32.5 meters (out of a 50 meter diameter) of the
primary dish was illuminated by the receiver optics. We observed 43 galaxies in the cluster
A963 between November 2014 and January 2015, in the “Early Science 3” campaign, with
1 hour of integration time on each target. The observing strategy for these targets is iden-
tical to what was employed in the previous chapter, our pilot study presented in Cybulski
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Figure 5.1 Galaxies around the cluster Abell 963. The light yellow circles are galaxies
whose redshifts are in the foreground or background of A963, while the darker circles are
galaxies with redshifts consistent with the cluster. Blue squares denote galaxies detected in
H I , and green stars are galaxies targeted by our CO study.
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et al. (2016), and so we therefore would anticipate detecting the CO line in roughly half of
the targets observed. As we will demonstrate later, the most significant value in this study
is not in the analysis of the detections alone, but in the stacks using the full sample.
Our targets are chosen to sample distinct parts of projected phase space (see the top
panel of Figure 5.7), and with a mix of optically blue and red galaxies chosen from dif-
ferent sections of phase space around A963. Table 5.1 presents a summary of our RSR
observations for the 43 new targets, as well as the eight A963 member galaxies observed
with the RSR in our pilot study (see Chapter 4).
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Table 5.1: COOL BUDHIES II: RSR observations. CO observations of
our target galaxies. The last eight rows include the members of A963
that were observed for our pilot study presented in Chapter 4. Column 2
gives the redshift of the target, based on prior optical or H I observations.
Column 3 gives the integration time. Column 4 has the RMS of the RSR
spectrum, measured over a frequency range of 1 GHz centered on the
CO line (excluding the line itself). Column 5 has the integrated line flux,
and Column 6 gives the central frequency of the CO line. Column 7
has the FWHM of the line, and Column 8 the redshift derived from the
CO line. Note that we only give the latter of the derived quantities for
the cases where we have a reliable detection (S=N 3:6). In the case of
a non-detection, we include only a 3s upper limit on the integrated line
flux.
Designation zopt=HI tint rms SCODV nCO DV zCO
(hr) (mK) (Jy km s 1) (GHz) (km s 1)
J101752.1+383815 0.206 1.0 0.215 < 0.627 ... ... ...
J101727.1+384144 0.206 1.0 0.174 < 0.508 ... ... ...
J101701.1+384259 0.203 1.0 0.213 < 0.619 ... ... ...
J101636.1+384434 0.208 1.0 0.200 0.489  0.195 ... ... ...
J101707.3+384436 0.197 1.0 0.227 < 2.175 ... ... ...
J101702.8+385115 0.206 1.0 0.229 < 0.668 ... ... ...
J101652.9+385544 0.202 1.0 0.256 0.815  0.350 ... ... ...
J101707.3+385626 0.201 1.0 0.191 2.684  0.582 96.0492  0.0232 376  104 0.200
J101656.8+385656 0.205 1.0 0.235 1.458  0.455 ... ... ...
J101646.7+385749 0.204 1.0 0.284 1.836  0.729 ... ... ...
J101718.5+385944 0.197 1.0 0.287 < 1.435 ... ... ...
J101820.0+390010 0.206 1.0 0.264 0.871  0.362 ... ... ...
J101657.6+390040 0.201 1.0 0.298 < 0.864 ... ... ...
J101752.3+390111 0.203 1.0 0.226 1.725  0.579 ... ... ...
J101708.2+390124 0.201 1.0 0.266 < 0.771 ... ... ...
J101652.3+390127 0.201 1.0 0.272 < 0.787 ... ... ...
J101659.8+390149 0.202 1.0 0.231 1.863  0.740 ... ... ...
J101722.1+390153 0.199 1.0 0.208 0.974  0.402 ... ... ...
J101713.9+390155 0.203 1.0 0.314 5.535  1.008 95.7899  0.0191 1086  18 0.203
J101717.1+390204 0.200 1.0 0.244 < 0.998 ... ... ...
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J101709.4+390224 0.207 1.0 0.222 < 0.647 ... ... ...
J101713.0+390201 0.209 1.0 0.178 0.549  0.245 ... ... ...
J101649.7+390215 0.203 1.0 0.200 < 1.160 ... ... ...
J101700.8+390233 0.204 1.0 0.253 0.687  0.245 ... ... ...
J101710.4+390245 0.199 1.0 0.179 < 0.519 ... ... ...
J101712.5+390255 0.199 1.0 0.191 < 0.960 ... ... ...
J101725.1+390317 0.208 1.0 0.254 2.214  0.653 ... ... ...
J101702.8+390307 0.198 1.0 0.260 0.538  0.251 ... ... ...
J101650.3+390352 0.198 1.0 0.301 < 1.231 ... ... ...
J101648.8+390416 0.194 1.0 0.219 1.714  0.638 ... ... ...
J101707.4+390425 0.211 1.0 0.183 2.290  0.437 95.1400  0.0217 579  85 0.212
J101719.3+390443 0.198 1.0 0.278 1.740  0.709 ... ... ...
J101701.2+390502 0.204 1.0 0.267 < 0.777 ... ... ...
J101712.8+390519 0.209 1.0 0.236 < 0.972 ... ... ...
J101724.9+390532 0.200 1.0 0.223 < 1.938 ... ... ...
J101642.9+390608 0.208 1.0 0.274 4.328  0.755 95.3496  0.0251 800  84 0.209
J101621.2+390758 0.207 1.0 0.240 < 0.698 ... ... ...
J101751.2+390923 0.200 1.0 0.173 1.708  0.410 96.1693  0.0056 596  81 0.199
J101628.2+390932 0.211 1.0 0.227 1.250  0.313 95.2299  0.0036 157  16 0.210
J101704.1+391249 0.204 1.0 0.231 < 0.673 ... ... ...
J101703.7+391618 0.207 1.0 0.293 < 1.210 ... ... ...
J101638.4+392149 0.219 1.0 0.221 < 0.650 ... ... ...
J101731.2+392300 0.209 1.0 0.252 < 0.736 ... ... ...
Prior A963 Obs.
J101803.6+384120 0.205 1.0 0.141 < 0.411 ... ... ...
J101703.5+384157 0.201 1.0 0.224 < 0.917 ... ... ...
J101727.7+384628 0.201 1.0 0.233 0.781  0.319 ... ... ...
J101540.2+384913 0.204 1.0 0.325 1.595  0.445 ... ... ...
J101705.5+384925 0.204 1.0 0.237 < 1.537 ... ... ...
J101611.1+384924 0.207 1.0 0.208 1.640  0.286 95.5613  0.0075 203  38 0.206
J101730.0+385831 0.204 1.0 0.185 1.301  0.311 95.7114  0.0144 336  57 0.204
J101618.0+390613 0.208 1.0 0.251 1.660  0.346 95.3856  0.0050 186  20 0.208
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5.1.2 Data Reduction and Analysis
We reduce and co-add our RSR spectroscopic observations using the custom Python
code DREAMPY (from G. Narayanan), which was described in the previous chapter (in
Section 4.2.2.1), and we analyze the spectra following the same procedures outlined previ-
ously to measure the CO emission line near its expected frequency and characterize the
uncertainties associated with the emission feature using a Markov Chain Monte Carlo
(MCMC) code that we described in Section 4.2.2.1.
We then calculate the CO line luminosities following Solomon & Vanden Bout (2005)
as
L0CO
K km s 1 pc2
= 3:25107SCODVn 2obsD2L(1+ z) 3; (5.1)
where nobs is the frequency of the line in GHz and DL is the luminosity distance in
Mpc. Similarly to the previous chapter, we include any detections of the CO emission
line at signal-to-noise S/N 3:6 as a reliable detection, while 2:0 <S/N< 3:6 is deemed a
marginal detection. In our new sample of 43 targets, we have 14 marginal detections and
six reliable detections of molecular gas emission in the spectra. When combined with the
eight prior targets that are members of A963 presented in the previous chapter, we have 16
marginal detections and nine reliable detections out of 51 total targets.
5.2 Results
Table 5.2 shows the resulting CO luminosities, molecular, atomic, and stellar masses,
and infrared luminosities for all members of A963. In the following subsections we explore
some of our results in greater detail, starting with the molecular gas measurements alone
and then examining both the molecular and atomic gas masses.
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Table 5.2: COOL BUDHIES II: relevant masses and luminosities. The
last eight rows include the members of A963 that were observed for our
pilot study presented in Chapter 4. Column 2 gives the molecular gas
line luminosity. Columns 3, 4 and 5 give the molecular gas, atomic gas,
and stellar mass, respectively. Column 6 shows the infrared luminosity.
Designation L0CO MH2 MHI M log(LIR)
(109K km s 1 pc2) (109M) (109M) (1010M) [L]
J101752.1+383815 < 1.31 < 6.01 <2.00 19.81 ...
J101727.1+384144 < 1.06 < 4.89 5.89  0.49 6.01 9.99
J101701.1+384259 < 1.25 < 5.75 4.40  0.46 0.89 10.27
J101636.1+384434 1.03  0.41 4.75  1.89 6.69  0.58 0.52 ...
J101707.3+384436 < 4.12 < 18.95 <2.00 31.78 ...
J101702.8+385115 < 1.39 < 6.39 13.16  0.62 0.52 10.02
J101652.9+385544 1.63  0.70 7.48  3.21 <2.00 2.93 10.41
J101707.3+385626 5.29  1.15 24.35  5.28 <2.00 6.75 10.53
J101656.8+385656 2.99  0.93 13.78  4.30 <2.00 18.44 ...
J101646.7+385749 3.75  1.49 17.26  6.85 <2.00 12.94 ...
J101718.5+385944 < 2.73 < 12.54 <2.00 5.47 10.23
J101820.0+390010 1.81  0.75 8.33  3.47 7.07  0.41 1.88 9.59
J101657.6+390040 < 1.70 < 7.83 <2.00 0.33 9.91
J101752.3+390111 3.47  1.17 15.97  5.36 4.35  0.53 0.09 ...
J101708.2+390124 < 1.53 < 7.02 <2.00 0.33 9.67
J101652.3+390127 < 1.55 < 7.15 <2.00 9.30 ...
J101659.8+390149 3.71  1.47 17.05  6.78 <2.00 2.77 ...
J101722.1+390153 1.89  0.78 8.67  3.58 2.55  0.28 0.49 10.12
J101713.9+390155 11.19  2.04 51.49  9.38 <2.00 10.14 10.85
J101717.1+390204 < 1.95 < 8.98 <2.00 0.25 ...
J101709.4+390224 < 1.36 < 6.26 <2.00 0.13 ...
J101713.0+390201 1.17  0.52 5.40  2.41 <2.00 5.25 ...
J101649.7+390215 < 2.35 < 10.83 <2.00 6.81 ...
J101700.8+390233 1.40  0.50 6.43  2.30 <2.00 2.15 ...
J101710.4+390245 < 1.00 < 4.60 <2.00 2.10 10.18
J101712.5+390255 < 1.87 < 8.60 2.76  0.26 1.23 10.10
J101725.1+390317 4.70  1.39 21.63  6.38 10.52  0.52 1.36 10.04
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J101702.8+390307 1.03  0.48 4.73  2.21 <2.00 1.25 10.11
J101650.3+390352 < 2.37 < 10.91 <2.00 3.60 10.31
J101648.8+390416 3.23  1.20 14.85  5.53 <2.00 1.45 10.53
J101707.4+390425 5.02  0.96 23.11  4.42 <2.00 6.69 11.25
J101719.3+390443 3.34  1.36 15.37  6.26 <2.00 0.18 10.26
J101701.2+390502 < 1.59 < 7.30 <2.00 5.63 ...
J101712.8+390519 < 2.07 < 9.54 <2.00 1.20 ...
J101724.9+390532 < 3.77 < 17.35 <2.00 2.14 9.15
J101642.9+390608 9.23  1.61 42.45  7.40 <2.00 7.71 10.17
J101621.2+390758 < 1.46 < 6.72 2.63  0.31 0.19 ...
J101751.2+390923 3.32  0.80 15.29  3.67 6.53  0.50 0.15 10.40
J101628.2+390932 2.72  0.68 12.51  3.14 9.55  0.50 3.12 11.19
J101704.1+391249 < 1.38 < 6.34 <2.00 4.42 ...
J101703.7+391618 < 2.55 < 11.75 <2.00 29.49 ...
J101638.4+392149 < 1.54 < 7.07 <2.00 8.89 ...
J101731.2+392300 < 1.58 < 7.26 <2.00 29.22 ...
Prior A963 Obs.
J101803.6+384120 < 0.85 < 1.69 16.80  0.96 9.40 10.26
J101703.5+384157 < 1.82 < 4.30 <2.00 4.92 10.66
J101727.7+384628 1.69  0.62 7.75  2.86 10.00  0.68 7.25 10.67
J101540.2+384913 3.23  0.90 14.88  4.15 9.34  0.58 5.09 10.23
J101705.5+384925 < 3.13 < 6.29 8.44  0.59 4.37 10.56
J101611.1+384924 3.44  0.60 15.81  2.75 13.54  0.76 11.81 10.84
J101730.0+385831 2.70  0.64 12.41  2.93 3.51  0.26 2.95 11.14
J101618.0+390613 3.77  0.74 17.32  3.41 <2.00 6.37 11.39
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5.2.1 Molecular gas masses
As in Chapter 4, we calculate molecular gas masses assuming a CO-to-H2 conversion
factor of aCO = 4:6M(K km s 1 pc2) 1, meaning that our conversion from CO line lumi-
nosity to molecular gas mass is as follows:
MH2
M
=
4:6L0CO
K km s 1 pc2
: (5.2)
First we examine the molecular gas masses for our sample, and compare them to other
masses in the literature. In Figure 5.2 we present a comparison of our molecular gas masses
versus stellar mass. There is a marked trend towards declining molecular gas fractions as
the stellar mass increases. This agreement is not surprising, given that galaxies at higher
stellar masses tend to be more quiescent (e.g., Noeske et al., 2007). We also find that our
COOL BUDHIES sample agrees well with the 5MUSES sample, which are intermediate-
redshift galaxies selected for having SpitzerMIPS fluxes f24  5mJy , and which were also
observed with the LMT and are described in Kirkpatrick et al. (2014). Both our sample
and the 5MUSES sample lie well above the relation established by Saintonge et al. (2011a)
from COLD GASS, and also above the trend traced by the sample of Groves et al. (2015).
The inflated molecular gas fractions of our sample detections and those of 5MUSES likely
are a consequence of our target selections (for 5MUSES it is an infrared selection, and for
COOL BUDHIES it’s a combination of infrared and blue/red optical selection).
5.2.2 Total cold gas - molecular & atomic - at z'0.2
Despite having a fairly large sample size, with nearly 70 galaxies combined between our
current study and our pilot COOL BUDHIES sample, we only have ten galaxies detected
in both molecular and atomic gas. The relatively poor sampling of detections in both cold
gas components is due to a combination of low integration time for the CO spectroscopy
(leading to roughly half of our sample being undetected in molecular gas), poor agreement
between molecular and atomic gas quantities (so the galaxies rich in H I are not necessarily
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Figure 5.2 Molecular gas scaling relation. Molecular gas masses, normalized by stellar
mass versus stellar mass. The red filled circles are galaxies from our COOL BUDHIES
sample with CO detections from the LMT, while the unfilled red circles are upper limits
from non-detections. The orange squares are galaxies from the 5MUSES sample, whose
CO observations are described in Kirkpatrick et al. (2014). The grey triangles are from
Groves et al. (2015). The solid black line, and surrounding black dashed lines, give the
linear fit to galaxies from the COLD GASS sample (see Saintonge et al., 2011a) plus
the statistical 1s scatter. The dashed red line denotes a linear fit to our target galaxies
including only the detections in CO , while the solid red line is a linear fit that includes our
upper limits for non-detections.
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rich in H2, and vice-versa), and a large focus on cluster members that, as has been shown
in previous BUDHIES team studies (e.g., Jaffe´ et al., 2015), tends to result in severe
truncation of the atomic gas supply. In our sample overall, we have only ten galaxies with
MHI MH2 (nine of those ten are upper limits on molecular gas), whereas 43 galaxies are
dominated by the molecular gas component (the remainder of the sample has only upper
limits on both cold gas components).
In the following series of figures, we will examine the dependence of gas content on
SFR, stellar mass, and NUV   R color both as separate cold gas components and then
as a ratio of the molecular-to-atomic gas (for the subset of targets that have detections in
both). Figure 5.3 (top) shows star-formation rate versus stellar mass for the galaxies in
the BUDHIES cluster fields, and highlights the molecular gas content of galaxies targeted
for CO spectroscopy. Note that our target selection spans a wide range of stellar masses
(108:95 M=M  1011:5) and the optical color selection results in a mix of star-forming
and quiescent galaxies. Unsurprisingly, the most massive galaxies in our sample are well
below the “star-forming” sequence, and the galaxies in the “red sequence” are not detected
or weakly-detected in molecular gas. We see the strongest detections, by far, for the galax-
ies on the SF sequence. The bottom panel of Figure 5.3 shows the same set of galaxies, but
instead it highlights detections in atomic gas, color-coded by the ratio of atomic gas mass to
stellar mass. We also find an obvious trend wherein the star-forming galaxies are the most
gas-rich, and the quiescent galaxies show an almost complete lack of atomic gas (to within
our blind mapping detection limits at least). This comparison highlights a key difference
between our H I and CO observations that is worth emphasizing, as it necessarily affects
our ability to interpret our results. While the H I data are a blind mapping that detected
all galaxies with MHI  2 109 M in these clusters, our LMT observations are targeted
only at a subset of galaxies, and so they can only provide a sampling of the underlying
molecular gas distribution in these clusters. Figure 5.4 shows the same SFR versus stellar
mass plot, but instead it highlights just the molecular-to-atomic gas mass ratios for the ten
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galaxies having detections in both. Although we are admittedly working with very small
statistics here, we see no obvious trend in the ratios of these two cold gas components as a
function of stellar mass or star-formation activity (beyond the fact that only galaxies on the
SF sequence are detected in both cold gas components).
Figure 5.5 is set up in a similar way to Figure 5.3, except that we plot the NUV R color
versus stellar mass in both panels. In this figure we start to see somewhat more striking
differences between the atomic and molecular gas distributions. Whereas the atomic gas
abundance is sharply truncated at NUV  R > 3:0, our molecular gas measurements do
not show such a dramatic decline at redder UV-to-optical colors. In Figure 5.6 we plot
the same NUV  R versus stellar mass distribution, but with the ratios of molecular-to-
atomic gas masses highlighted for ten of our galaxies. In this case we see no obvious
trend in the relative abundances of these cold gas components, except that as with Figure
5.4 we generally only detect both gas components for bluer (and therefore, more actively
star-forming) galaxies.
5.2.3 Gas and the cluster environment
Next, in Figure 5.7 we plot projected phase-space around the cluster A963 using the
galaxies with redshifts consistent with the core of A963, which is referred to as “A963 1”
in Jaffe´ et al. (2015). This representation is particularly useful for our purposes, as one
can sub-divide the space into three sections (which are separated by dashed lines in the
figures). In “infall”, the galaxies are most likely falling onto the cluster for the first time
or are making their first passage through the cluster. Closer to the center of the cluster we
find a wedge-shaped portion labeled “stripping”, which is the part of projected phase-space
where we expect ram-pressure stripping to have its biggest impact on galaxies (see Jaffe´
et al., 2015). And the lower-left wedge-shaped portion of projected phase-space is where
one would find galaxies in the oldest “virialized” part of the cluster, as dynamical friction
would tend to relegate galaxies to that part of phase-space over time.
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Figure 5.3 SFR versus stellar mass for BUDHIES clusters. The solid line corresponds to
the “star-forming sequence” at z=0.2 from Speagle et al. (2014). The empty gray circles
are galaxies in the foreground or background of the two BUDHIES clusters, while the filled
gray circles are galaxies in the parent sample with redshifts consistent with the two clusters.
(Top) The red filled circles are galaxies targeted with the LMT for CO spectroscopy, with
the size of the red circle denoting the molecular gas fraction. Unfilled circles are the upper
limits for our non-detections. (Bottom) The squares denote detections in our blind HI
mapping, with the color indicating the atomic gas fraction.
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Figure 5.4 SFR versus stellar mass highlighting gas mass ratios. The solid line corresponds
to the “star-forming sequence” at z=0.2 from Speagle et al. (2014). The empty gray circles
are galaxies in the foreground or background of the two BUDHIES clusters, while the filled
gray circles are galaxies in the parent sample with redshifts consistent with the two clusters.
The red filled circles are galaxies detected in both molecular and atomic gas, and with the
size of the red circles indicating the ratio of molecular-to-atomic gas mass.
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Figure 5.5 NUV   R versus stellar mass with gas content. The empty gray circles are
galaxies in the foreground or background of the two BUDHIES clusters, while the filled
gray circles are galaxies in the parent sample with redshifts consistent with the two clusters.
(Top) The red filled circles are galaxies targeted with the LMT for CO spectroscopy, with
the size of the red circle denoting the molecular gas fraction. Unfilled red circles are upper
limits for our non-detections. (Bottom) The squares denote detections in our blind HI
mapping, with the color indicating the atomic gas fraction.
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Figure 5.6 NUV   R versus stellar mass highlighting gas mass ratios. The empty gray
circles are galaxies in the foreground or background of the two BUDHIES clusters, while
the filled gray circles are galaxies in the parent sample with redshifts consistent with the
two clusters. Filled red circles indicate galaxies detected in both atomic and molecular gas,
with the size of the symbol representing the ratio of the molecular-to-atomic gas masses.
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The top panel of Figure 5.7 shows that there is no obvious dependence on the molecu-
lar gas mass and projected phase-space, as we find a range of detections and upper limits
interspersed throughout. However, the bottom panel, which highlights the H I gas content,
shows an obvious decline in the density of atomic gas detections in the “stripping” and
“virialized” parts of projected phase-space. This observation will be expanded upon later,
when we present our stacks of the molecular and atomic gas spectra. Figure 5.8 shows the
same projected phase-space plot for A963, but highlighting the molecular-to-atomic gas
mass ratios for the nine A963 member galaxies with detections in both gas components. In
this case, as before we see no obvious trend, except perhaps for a lower gas mass ratio for
the “infall” galaxies (which might imply that the rise in the MH2=MHI ratios for the “strip-
ping” and “virialized” subsets primarily reflects a sharp decline in MHI and an unchanging
MH2.
5.2.3.1 H I and CO stacking
With many non-detections in our study it can be helpful to incorporate stacking in
order to get a measurement of the average gas properties of our sample, and subsets of
our sample, which extends below the detection thresholds of our individual galaxy spectra.
Stacking can also provide valuable insights into the relationships between the gas content
and other properties of galaxies that might not be apparent when considering detections in
our individual spectra alone.
Before stacking the CO spectra for our targets, we shift all spectra to be centered on the
rest-frame frequency of the CO line, nCO, and then we normalize each of them to account
for intrinsic mass and redshift differences which would otherwise bias the stack. We apply
the same corrections to our spectra as Fabello et al. (2011) and Saintonge et al. (2011a), by
rescaling the spectrum fluxes (Si) into ‘gas fraction’ units:
S0i =
SiD2L
M;i
; (5.3)
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Figure 5.7 Gas in projected phase-space around A963. The filled gray circles are galaxies
in the parent sample with redshifts consistent with the cluster. (Top) The red filled circles
are galaxies targeted with the LMT for CO spectroscopy, with the size of the red circle
denoting the molecular gas fraction. Unfilled circles are upper limits from non-detections.
(Bottom) The red squares denote detections in our blind HI mapping.
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Figure 5.8 Projected phase-space around A963 with gas ratios. The filled gray circles are
galaxies in the parent sample with redshifts consistent with the cluster. Filled red circles
indicate galaxies detected in both atomic and molecular gas, with the size of the symbol
representing the ratio of the molecular-to-atomic gas masses.
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where DL is the luminosity distance in Mpc and M is in M. Then we calculate the
weight of each spectrum, wi as the inverse of the square of the RMS of the spectrum, and
stack the spectra as follows:
Sstack =
åNi=1 S0iwi
åNi=1wi
; (5.4)
where N is the total number of spectra being stacked.
In Figure 5.9 we present stacks of the H I spectra (top) and the CO spectra (bottom)
split into bins of infrared luminosity. For this stack, we’ve divided our sample roughly
into thirds: the most infrared-luminous (LIR > 1010:53 L), moderately infrared-luminous
(Llim  LIR < 1010:53 L), and low infrared-luminosity (LIR < Llim), where the infrared
luminosity limit at the redshift of A963, is Llim  8 109 L. The H I stacks show the
strongest average atomic gas detection for the galaxies with the highest infrared luminosi-
ties, and at best a marginal detection of average H I gas mass for galaxies in the lowest
infrared luminosity bin. However, the difference between the H I stacks for the most in-
frared luminous galaxies and the moderate-infrared-luminosity galaxies is almost negligi-
ble. In other words, galaxies with dust heated by star-formation also tend to have much
more atomic gas than galaxies with no dust or ongoing star-formation activity, but there’s
no strong correlation between the amount of star-formation and the average quantity of
atomic gas.
On the other hand, the bottom panel of Figure 5.9 shows our CO stacks for the same
division of our sample, in terms of infrared luminosity. With the molecular gas, as with
the atomic gas, we see a stark difference between galaxies with no detectable infrared
luminosity (having a non-detection of their average molecular gas in the stack) and those
having high infrared luminosity (which have a strong molecular gas detection in the stack).
However, the most significant difference between the H I stack and the CO stack is that the
molecular gas appears to more closely correlate with the infrared luminosity than the atomic
gas. The difference between the CO stacks for moderate infrared luminosity and stronger
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infrared luminosity are significant, whereas for the atomic gas stack the differences are
largely negligible. The molecular gas clearly traces the infrared luminosity very closely,
which is likely due to the fact that the molecular gas content also traces star-formation
activity more closely than does the atomic gas.
Figure 5.10 shows a stack of our atomic gas and CO spectra divided into categories of
“blue” and “red” galaxies based on NUV  R color (where blue galaxies have NUV  R<
2:91, and red means NUV  R  2:91; the choice of a threshold color of 2.91 is because
it is the median NUV  R color in the parent BUDHIES sample). As the top panel shows,
there is a stark difference between the average atomic gas mass from the H I stacks of red
and blue galaxies, with a very strong detection of atomic gas for blue galaxies and a virtual
non-detection of H I for red galaxies. However, the CO stacks (bottom panel of Figure
5.10) show no significant difference in the average molecular gas content for red or blue
galaxies. The strong contrasts we see in the two panels of Figure 5.10 could be indicative
of a shorter life-cycle of atomic gas in the ISM of a galaxy, as the atomic gas content seems
to be a very strong tracer of the mean age of the stellar population, and therefore it might
be providing a more robust instantaneous tracer of gas replenishment and star-formation
activity. On the other hand, perhaps the molecular gas is less sensitive to the instantaneous
star-formation activity, because as we have seen it is strongly correlated with the infrared
luminosity (Cybulski et al., 2016) and therefore it is only a reliable star-formation tracer
over longer timescales (e.g., 108 109 yr).
The last set of comparison stacks we present, in Figure 5.11, examine the average
atomic and molecular gas content of galaxies as a function of their location in projected
phase space around A963. In the case of the atomic gas we see a strong dependence on
phase space around the cluster. The “infall” galaxies have the strongest average signal in
the H I stack, while the older “virialized” population actually has the second-highest av-
erage atomic gas content. The galaxies in the “stripping” part of projected phase-space
have no discernible detection of atomic gas in the stack. On the other hand, the stacks
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Figure 5.9 Stacks in infrared luminosity. (Top) Stack of H I spectra for galaxies split into
infrared luminosity bins in the BUDHIES cluster sample. (Bottom) Stack of CO spectra
for the same bins in infrared luminosity.
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same bins in NUV  R.
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on our CO spectra show virtually no difference in the average molecular gas content of
galaxies in these parts of phase-space around the massive cluster. All three categories of
projected phase space in the CO stacks show a similar weak-to-moderate average detection.
Of course this does not necessarily imply that all galaxies in each part of projected phase
space have the same moderate quantity of molecular gas, but rather that the overall molec-
ular gas masses average out, perhaps with a combination of gas-poor and gas-rich galaxies,
to a mean weak-to-moderate detection regardless of the location in projected phase space.
This final sharp contrast between the molecular and atomic gas masses in the stacks sug-
gests that the effects that the cluster environment seems to so effectively impact the atomic
gas masses has little-to-no effect on the molecular gas mass. This fact likely arises because
the molecular gas is more centrally-concentrated in the galactic disk than the atomic gas,
and the molecular gas tends to form in parts of the disk at greater surrounding pressure
and density, which implies that the H I component should be much more susceptible to the
effects of ram-pressure stripping.
5.3 Conclusions
We have completed a large study of the molecular gas content, compared to the atomic
gas, in the cluster environment at z  0:2 as part of the COOL BUDHIES project, with
approximately 70 hours of observations taken with the Redshift Search Receiver on the
LargeMillimeter Telescope targeting 66 galaxies in and around the two BUDHIES clusters.
Our study has revealed, in particular, a strong resiliency of molecular gas to the effects of
the cluster environment (e.g., ram-pressure stripping and harassment), and we find ample
evidence of galaxies that are located in the parts of projected phase space with a dearth of
atomic gas (likely due to ram-pressure stripping) that still have substantial molecular gas.
Moreover, we needn’t rely entirely on the limited number of detections in our CO spectra.
We have performed a stacking analysis on the full sample of galaxies, divided into cate-
gories of infrared luminosity, NUV  R color, and location in projected phase space, for
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Figure 5.11 Stacks in projected phase-space. (Top) Stack of H I spectra for galaxies split
into three bins (infall, stripping, and virialized) based on their position in projected phase-
space around A963. (Bottom) Stack of CO spectra for the same bins in projected phase-
space.
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both the atomic and molecular gas to determine the average quantities of these two cold
gas components. These comparison stacks have underscored some fundamental differ-
ences between the atomic and molecular gas components of the ISM that can be explained
in the context of impact of the cluster environment on the star-formation activity and gas
replenishment of galaxies. Namely:
1. While the infrared luminosity, to first order, is a tracer of the average atomic gas, there
is not a strong correlation between the average atomic gas and the infrared luminosity
for the galaxies at LIR  1010 L. Furthermore, the atomic gas mass, on average, is
very sensitive to the NUV  R color, and therefore to the age of the stellar population
of a galaxy. And finally, the average atomic gas is extremely sensitive to the galaxy’s
position in projected phase space, which implies that it is highly susceptible to the
effects of ram-pressure stripping.
2. The molecular gas, on average is much more tightly correlated with the infrared lumi-
nosity than the atomic gas, likely owing to the fact that the molecular gas is the most
direct progenitor to star-formation activity and the infrared luminosity is a strong
tracer of star-formation. However, the molecular gas shows no significant depen-
dence, on average, with the NUV  R color of a galaxy. Furthermore, the molecular
gas mass seems, overall, to be more-or-less unaffected by the extreme cluster envi-
ronmental affects that severely impact the atomic gas component, which is likely a
consequence of the molecular gas’ more central concentration in the galactic disk.
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CHAPTER 6
FINAL CONCLUSIONS AND FUTUREWORK
In this dissertation, we have presented a series of studies that pertain, in a broad sense,
to the ways in which we characterize environment and to an analysis of the effects of
environment on the gas content and star-formation activity of galaxies. Throughout this
dissertation, we have demonstrated multiple techniques for measuring the environments of
galaxies; in Chapters 2 and 3 we used a pair of techniques (Voronoi Tessellation and the
Minimal Spanning Tree) to obtain a combination of the local and global environment of
galaxies, and in Chapter 5 we utilized projected phase-space around a massive cluster to
separate galaxies in different cluster-centric environments (infall, stripping, and virialized).
The key take-away message here is the importance of using the right tool for the job. There
is no single “best” measure of environment that will be optimally applicable to all studies,
so the best advice is to carefully select the most appropriate choice(s) based on ones needs.
The work presented here is, like all research endeavors, to some degree still open-ended.
While we have been able to address several key questions raised in this dissertation in sub-
sequent chapters (e.g., regarding the timescale of environmentally-driven quenching, the
apparent decline in SF fraction in the filaments compared to the void, and the susceptibility
of molecular gas to ram-pressure stripping) we have also raised new questions that will
hopefully motivate future works to come. For example:
1. Why do we see an obvious dearth of lower-mass galaxies in the group environment
in our analysis from Chapter 3? Further investigation could focus on any potential
impact from the definition we used to separate groups from clusters (based on the
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catalog from Yang et al., 2007), or on the particular density threshold used to define
the boundary between cluster/group and the surrounding filaments.
2. Why do we see such stark differences in the atomic and molecular gas stacks as a
function of NUV  R color? The fact that the atomic gas mass, on average, is more
sensitive to the UV-to-optical colors implies that the H I gas replenishment might be
tied to the age of the stellar population, or to the specific star-formation rate of a
galaxy, to a greater degree than the molecular gas content.
3. How do the galaxies in the older “stripping” and “virialized” cluster population of
A963 retain significant quantities of molecular gas while hosting little-to-no ongo-
ing star-formation? Is this possible due to turbulence injected into their ISM which
discourages the conversion of molecular gas into new stars? One possible avenue of
future work to address this might be to propose high resolution observations with the
Atacama Large Millimeter/submillimeter Array (ALMA), which could be used both
to map the spatial distribution of molecular gas in some of our target galaxies but
also to measure higher-J transition emission lines of CO .
The work presented in this dissertation also only scratches the surface of what can be
done with these datasets. With more time, and the inclusion of some additional publicly-
available data, several follow-up studies might be done that could help to address some of
the outstanding questions raised. Just a couple of examples would be:
1. Folding in the atomic gas masses from the Arecibo Legacy Fast ALFA (ALFALFA)
survey (Giovanelli et al., 2005), which is a blind H I mapping project that overlaps
spatially, and in redshift, with the SDSS data set we presented in Chapter 3. The
combination of H I data and environment for many thousands of galaxies in the local
Universe could be exploited to learn much more about the potential impact of the
filament, group, and cluster environments on galaxy evolution. Furthermore, with
a blind H I survey such as ALFALFA, one could also benefit from stacking on the
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atomic gas spectra for a large sample of galaxies not individually detected in the
survey.
2. The COLDGASS (Saintonge et al., 2011a,b) catalog, which consists of 360 galax-
ies for which there are atomic and molecular gas observations at z 0:05, also over-
laps with the large-scale structure mapping described in Chapter 3. By matching up
the COLD GASS catalog to our existing environment-tagged catalog we might learn
more about the impact of environment on both of the cold gas components of the
ISM.
3. Having compiled a significant list of clusters in the local Universe in the SDSS
dataset in Chapter 3, one could imagine using the entire set of cluster galaxies to
build an “ensemble” cluster, by examining the projected phase space of all member
galaxies, scaling each of them by the virial radius and velocity dispersion of the host
cluster. In doing so, one can get a much improved statistical measure of the effects of
ram-pressure stripping on the star-formation activity and potentially the gas content
(perhaps using ALFALFA and/or COLD GASS catalog data?) of galaxies. Further-
more, one could sub-divide the cluster sample by mass to search for characteristic
differences in the impact of ram-pressure stripping in more massive clusters.
4. Given that we found the combination of Voronoi Tessellation and the Minimal Span-
ning Tree to be valuable for measuring the environments of galaxies in the local
Universe in Chapters 2 and 3, might we apply them to the BUDHIES clusters as
well? The spectroscopic completeness is sufficient in both cluster fields to select
only spectroscopically-confirmed members with which to trace environment.
175
APPENDIX A
APPENDICES TO CHAPTER 2
A.1 Robustness of Environment Mapping Technique
Here we explore to what degree our results are affected by large variations in the appli-
cation of our techniques for mapping the density field and identifying LSS. A significant
concern, especially given the degree to which we find quiescent galaxies in the filament
clustering near the outskirts of groups and clusters (as seen in Figure 2.14), is that a small
change in the choice for lcrit , which would alter the spatial extent of the galaxy cluster,
group, and filament populations in our map, might significantly change our results. For ex-
ample, if we use a larger value for lcrit1, and therefore have more galaxies included in our
cluster and group populations, many of the filament galaxies which lie on cluster and group
outskirts would end up absorbed into the clusters and groups themselves, which would raise
the SF fraction in the filament population.
To be sure that our decline in the fractions of blue and SF galaxies with each progres-
sively higher-density environment is not simply an artifact of our specific choices for lcrit1
and lcrit2, we ran our entire analysis over a very wide range of parameters. In Section 2.3.2
we used surface density thresholds of 40 and 10 galaxies h2 Mpc 2 to select the charac-
teristic lcrit lengths corresponding to the threshold between cluster/group and filaments,
and filaments and voids, respectively. To test the robustness of our results to the particular
choices of density thresholds, we vary the density threshold between cluster/group and fil-
ament galaxies between 100–20 galaxies h2 Mpc 2, in intervals of 20 galaxies h2 Mpc 2,
and the threshold for filament and void galaxies between 12–4 galaxies h2 Mpc 2, in in-
tervals of 4 galaxies h2 Mpc 2. Note that the extreme ends of the density thresholds being
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tested represent obviously unrealistic structures, i.e. with 100 galaxies h2 Mpc 2 only the
inner-most core members of the clusters and groups are included in the cluster and group
populations, while at 20 galaxies h2 Mpc 2 the cluster and group extent is unnaturally
large.
Another potential source of bias in our results comes from our requirement that at least
eight galaxies be present in a continuously-connected substructure in order to be recognized
by the MST algorithm. Recall that we chose eight galaxies as a minimum to reduce the
occurrence of spurious groups of galaxies arising due to projection effects. However, we
are therefore ignoring any galaxy group which has fewer than eight members, meaning
that they would end up classified as either filament or void galaxies depending on the local
galaxy density around them. So if small galaxy groups tend to be scattered throughout the
filamentary regions of the Coma Supercluster, and less often in the void-like regions, and
the galaxies within these small groups are more likely to be quiescent than similar galaxies
in isolation, then we could be artificially decreasing the SF fraction of the filament relative
to the void due to these small groups. To address this concern, we also tested the full
range of densities described previously, but with a minimum of four galaxies per structure
identified with the MST algorithm. This choice undoubtedly results in a large number of
spurious galaxy ‘groups’, but it should significantly mitigate any bias we are introducing
into the filament population by ignoring small groups of galaxies.
We ran our MST code to separate galaxies into the four environment categories for all
combinations of density thresholds described above, and with a minimum of eight and four
galaxies per structure identified by the MST, and calculate the fraction of SF galaxies in
each environment as a function of mean VT cell density for each trial run. Figure A.1
presents the SF fractions as a function of environment for this range of tests, and as before
(see Figure 2.9) we have separated the samples into dwarf and massive galaxies. Despite the
fact that our range of tests have significant differences in the distribution of galaxies into the
four environments, and therefore they vary in the range of densities in each environment,
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Figure A.1 Testing star-forming fraction of galaxies in the Coma Supercluster with varia-
tions on the threshold densities for different environments. Fractions of SF galaxies versus
the mean density of the four environments of the Coma Supercluster calculated using a
large range in surface densities to define lcrit1 and lcrit2. The upper set of points, in dark
grey, are the SF fractions of dwarf galaxies. The lower set of points, in lighter grey, are
for massive galaxies. The red points indicate the fractions calculated using lcrit1 and lcrit2
reported in Section 2.3.2.
we still find the same overall trends of declining SF fraction at progressively higher-density
environments.
A.2 Detailed Comparison with PreviousMapping of Coma Superclus-
ter
Here we present a more thorough comparison of how our techniques for mapping
the supercluster environment, and characterizing local density, compare to previously-
published studies for this field. Specifically, we compare with the work of G2010, who
used a fixed-aperture technique to measure the volume density field in the Coma Super-
cluster. G2010 measure the local density around every galaxy using a cylinder of radius 1
h 1 Mpc, and with a distance along the line-of-sight equal to 1000 km s 1.
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There are a few minor differences that are worth noting before we apply their tech-
nique. Our survey volumes are very similar, but G2010 used a slightly larger range of
line-of-sight velocities (4000< cz <9500 km s 1 versus our 4495cz8973 km s 1) and
a marginally smaller angular area (420 sq degrees to our 480 sq degrees), and they supple-
ment their SDSS-selected sample with 177 additional galaxies with spectroscopic redshifts
in the literature. We are using only our SDSS sample, and we also exclude a small fraction
of our sample at the lowest-masses to ensure that our sample is complete and unbiased over
our range of stellar masses (see Section 2.2.1). Nevertheless, our galaxy samples agree,
by number, to within 15% and the mean volume density of galaxies, given our number of
galaxies and total volumes, are nearly identical; we find 0.06 galaxies h3 Mpc 3 for our
sample, and G2010 measure 0.05 galaxies h3 Mpc 3. Additionally, G2010 deal with edge
effects by assuming constant boundary conditions (by dividing the density of any cylinder
which falls partially outside their survey by the fraction of the cylinder which is inside
the survey volume), whereas we have obtained an additional ‘buffer’ several degrees wide
surrounding our field, comprised of galaxies chosen with exactly the same selection crite-
ria from the SDSS as the main sample (see Section 2.3.1), which allows us to bypass any
biases due to edge effects.
There is an additional significant deviation introduced by G2010 that is worth men-
tioning. They rightly point out that the extreme dynamic range of densities in the Coma
Supercluster makes using densities measured in a fixed volume at every galaxy position
problematic. The high velocity dispersions of galaxies in the clusters necessitate using a
‘longer’ cylinder to encompass the true local density of galaxies, but using a longer cylin-
der over the entire supercluster population would result in less sensitivity to local density
in more rarefied regions. The compromise of G2010 was to shrink the velocity dispersion
of members of the clusters A1656 and A1367, by assuming that their transverse sizes (2
deg and 1 deg for A1656 and A1367, respectively) also reflect their sizes along the line-
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of-sight. In effect, this modification is similar to using a longer cylinder to measure the
volume of galaxies in the clusters compared to the rest of the supercluster.
For the purposes of this comparison with previous mapping techniques, we have mea-
sured the local volume density around every galaxy in our sample using a cylinder of fixed
half-length equal to 1000 km s 1 with two cases: 1) the velocities of all galaxies are exactly
as reported in the SDSS and 2) velocities for cluster members are modified according to
the prescription of G2010. Figure A.2 presents a comparison between our VT-based sur-
face densities, and our MST-defined environmental segregation, with the volume densities
calculated using these two approaches with fixed-aperture cylinders. Our definitions for
galaxy environment largely agree, and they agree more so in the case in which the veloc-
ities of cluster galaxies are adjusted, but there is some overlap between different environ-
ments in adjoining classifications. When the velocity dispersion of the cluster galaxies is
artificially lowered, we unsurprisingly see a large amplification in the local density for the
cluster galaxies, and a much smaller fraction of cluster galaxies at intermediate densities.
A.3 k+A Galaxy Follow-up
Mahajan et al. (2010), hereafter M2010, presented a table of 110 dwarf k+A galaxies in
the Coma Supercluster, which come from a parent supercluster galaxy sample very similar
to that of the present work, and with an identical set of criteria to select the post-starburst
galaxies (see Section 2.4.4). However, we find only 62 such k+A galaxies. We matched
the published M2010 k+A catalogue to our own, and find that 91 of the 110 galaxies pro-
posed by M2010 are indeed in our parent supercluster sample. However, only 41 of the
110 proposed k+A galaxies from M2010 show spectral characteristics, based on our SDSS
line measurements, indicative of being k+A. Figure A.3 shows the comparison between the
M2010 EW(Ha) and EW(Hd ) measurements, and those from the present study, for the 91
proposed k+A galaxies matched to our sample. It’s abundantly clear that there are signifi-
cant differences in the spectral line measurements for both lines relevant for selecting k+A
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Figure A.2 Detailed comparison of my densities in the Coma Supercluster to the 3D den-
sities measured by Gavazzi et al. (2010). (Left pair) Comparison of density distributions,
and selection of environmental segregation, between our dual VT +MST approach and that
of a ‘fixed aperture’ cylinder of radius 1 h 1 Mpc and half-length of 1000 km s 1. The top
left panel shows the differential distribution of galaxies which we classify (using the MST
as described in Section 2.3.2) as belonging to the cluster, group, filament, and void versus
the volume density parameter from G2010, measuring the relative under- and over-density
from a fixed aperture. The vertical dashed lines indicate the separation into environmental
bins (roughly corresponding to void, filament, group, and cluster from left-to-right) used
by G2010. The bottom left panel shows the correlation between our Voronoi-based sur-
face densities to the volume densities calculated in the cylinder as described previously,
with points color-coded based on our MST-defined environment categories. The large gaps
that appear on the left-hand side are due to the fact that the fixed aperture method counts
discrete numbers of galaxies per unit volume. (Right pair) The same comparison, but in
this case the fixed aperture densities were calculated exactly as in G2010, with the spread
in line-of-sight velocities of members of the two clusters A1656 and A1367 reduced by
assuming spherical symmetry in these two systems.
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Figure A.3 SDSS line measurement checks. (Left) Comparison between the Ha equivalent
widths obtained for the k+A galaxies presented in M2010 versus the equivalent widths we
obtain. The solid line is a 1:1 correlation, and the dashed lines indicate the -2 Angstrom
threshold used as a minimum requirement in the selection of k+A galaxies. (Right) Com-
parison between the Hd equivalent widths of k+A galaxies in M2010 versus our equivalent
widths. A factor of -1 is applied to the equivalent widths of M2010 to reflect the reversal
in convention to denote absorption or emission with positive or negative numbers
.
galaxies, with a prominent systematic offset for Ha and a large scatter in the measurements
of Hd .
The reasons for these inconsistencies stem from the different techniques used to obtain
the line measurements. The data used in the M2010 catalogue come from the SpecLine
products, but for the present work we useGalSpecLine andGalSpecIndx, which are based
on the MPA-JHU analysis (see Kauffmann et al., 2003). For the SpecLine data prod-
ucts, the spectrum continuum is fit using a sliding mean/median filter (C. Tremonti, private
comm.), while for GalSpecLine and GalSpecIndx the continuum is fit with stellar popu-
lation synthesis models (Kauffmann et al., 2003; Tremonti et al., 2004). The differences
in continuum fitting techniques are responsible for most of the systematic offset between
Ha measurements in Figure A.3, as the underlying Ha from the stellar population has not
been subtracted from the measurements used in M2010. There is also a factor of (1+ z)
difference because the SpecLine measurements were not converted to the rest-frame, but
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for the redshift of Coma this is a relatively small effect. The differences seen in Hd come
from a combination of the lack of robust continuum fitting and the fact that the SpecLine
products measure Hd using a simple Gaussian. The Hd measurement used for our present
study comes from the Lick index HdA, first proposed by Worthey & Ottaviani (1997), and
also described in Prochaska et al. (2007), which is designed to optimally capture the Hd
absorption feature in the atmospheres of A-type stars.
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APPENDIX B
APPENDICES TO CHAPTER 3
B.1 Environment-Tagged Maps
B.2 Variations between redshift bins
Earlier we discussed cosmic variance, and the importance of utilizing a large sample
covering a substantial cosmological volume to overcome this intrinsic source of uncertainty.
In this section, we will explore this more quantitatively and show how our results would
be affected if we used only a subset of our sample. In Figure 3.9 we saw that the relative
fractions of galaxies in clusters, groups, filaments, and voids could vary significantly in
these redshift bins, but do those differences also come with any systematic change in the
properties of the galaxies in these different environments?
To test this, we repeat our calculations of star-forming fractions of galaxies, but using
each of our seven redshift bins independently to do so. One side-effect of this analysis is
that there are only a few data points for the lowest-mass bins, because we only consider
galaxies above the stellar mass completeness threshold of each redshift bin. But beyond
the two lowest stellar mass bins we are complete for our entire sample’s redshift range, and
we can therefore directly measure the variations in star-forming fractions versus mass and
environment. Figure B.7 shows the results of this test, with grey shaded regions denoting
the range of star-forming fractions we obtain for galaxies in these environments using our
seven redshift bins individually. As we would expect, the grey shaded regions closely fol-
low the overall trends in SF fraction for each environment, but there are some substantial
variations in the individual redshift bin measurements. The variations are less significant
for the void and the filament, which show a spread in the individual measurements of 4
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Figure B.1 Spatial plot color-coded by environment of redshift bin 2. This figure shows, for
the lowest redshift bin, the VT cells for the “tracer” galaxies atM  1010 M color-coded
by the environment type it corresponds to. Void galaxies are in purple, filaments are in
blue, groups are orange, and the cluster galaxies are filled in red.
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Figure B.2 Spatial plot color-coded by environment of redshift bin 3. This figure shows, for
the lowest redshift bin, the VT cells for the “tracer” galaxies atM  1010 M color-coded
by the environment type it corresponds to. Void galaxies are in purple, filaments are in
blue, groups are orange, and the cluster galaxies are filled in red.
185
z ∈ [0.0365:0.0412]
260 240 220 200 180 160 140 120
RA (deg)
0
10
20
30
40
50
60
D
ec
 (d
eg
)
10 h-1 Mpc
Figure B.3 Spatial plot color-coded by environment of redshift bin 4. This figure shows, for
the lowest redshift bin, the VT cells for the “tracer” galaxies atM  1010 M color-coded
by the environment type it corresponds to. Void galaxies are in purple, filaments are in
blue, groups are orange, and the cluster galaxies are filled in red.
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Figure B.4 Spatial plot color-coded by environment of redshift bin 5. This figure shows, for
the lowest redshift bin, the VT cells for the “tracer” galaxies atM  1010 M color-coded
by the environment type it corresponds to. Void galaxies are in purple, filaments are in
blue, groups are orange, and the cluster galaxies are filled in red.
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Figure B.5 Spatial plot color-coded by environment of redshift bin 6. This figure shows, for
the lowest redshift bin, the VT cells for the “tracer” galaxies atM  1010 M color-coded
by the environment type it corresponds to. Void galaxies are in purple, filaments are in
blue, groups are orange, and the cluster galaxies are filled in red.
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Figure B.6 Spatial plot color-coded by environment of redshift bin 7. This figure shows, for
the lowest redshift bin, the VT cells for the “tracer” galaxies atM  1010 M color-coded
by the environment type it corresponds to. Void galaxies are in purple, filaments are in
blue, groups are orange, and the cluster galaxies are filled in red.
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Figure B.7 SF Fractions of individual redshift bins. Each panel shows the overall star-
forming fraction of each type of environment in the solid points and line, just as in Figure
3.11, but we also show in the grey shaded region the range of star-forming fractions that
we obtain from our individual redshift bins.
per-cent around the overall SF fractions. On the other hand, the group and cluster envi-
ronments show a spread in the individual SF fractions of 5 8 per-cent, likely due to the
smaller statistical sample that group and cluster galaxies represent. This test demonstrates
that although we would expect to obtain qualitatively similar results for this analysis if
we had a substantially reduced volume in our survey, we would expect to see substantial
variations.
188
APPENDIX C
APPENDICES TO CHAPTER 4
C.1 Spectra
Here we present the spectra for all of our targets, sorted by decreasing signal-to-noise
detections of the CO line by grouping them into reliable detections (Figure C.1 & C.1),
marginal detections (Figure C.1), and non-detections (Figure C.1 & C.1). Alongside the
CO spectra we show postage stamp images in the R-band, with contours showing the MIPS
[24] signal-to-noise, and the H I spectrum. Note that the CO spectra presented show the
portion of the spectrum centered on2 GHz around the expected frequency of the CO line,
rather than the entire spectrum.
C.2 MCMC Parameter Fitting
In this section we provide some example results of our Markov Chain Monte Carlo
fitting routine on the CO spectra for this study. In figures C.2 and C.2 we plot the steps
taken by the MCMC routine in exploring parameter space for the four parameters relevant
to our Gaussian fitting to the CO spectra: 1) the amplitude, 2) central frequency, and 3)
FWHM of the Gaussian, as well as 4) the D.C. offset. The plots show that after an initial
period of exploring parameter space (the “burn-in” depicted with black line segments) the
code settles into the general areas best-fitted by the Gaussian and samples the probabilities
of those best-fitted parameters (in red). The final parameter fits, and their errors, come from
the posterior distribution shown in red in these two figures.
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Figure C.1 COOL BUDHIES I: postage stamps for strong CO detections A. Each trio of
panels corresponds to one of our target galaxies with a reliable detection of the CO line.
The left panels show the INT R-band maps centered on the galaxy. The red circle shows
the RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24].
The middle panels give the CO spectrum showing the interval of 2 GHz centered on
the expected frequency of the CO line (shown in the vertical solid red line). The vertical
dashed black line indicates the central frequency of the CO line from fitting a Gaussian (if
detected). The right panels show the H I spectrum, with the expected frequency indicated in
red and the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or
right) indicates whether the expected H I line frequency is shorter, or longer, respectively,
than the frequ ncy range probed by the WSRT observations.
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Figure C.2 COOL BUDHIES I: postage stamps for strong CO detections B. Each trio of
panels corresponds to one of our target galaxies with a reliable detection of the CO line.
The left panels show the INT R-band maps centered on the galaxy. The red circle shows
the RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24].
The middle panels give the CO spectrum showing the interval of 2 GHz centered on
the expected frequency of the CO line (shown in the vertical solid red line). The vertical
dashed black line indicates the central frequency of the CO line from fitting a Gaussian (if
detected). The right panels show the H I spectrum, with the expected frequency indicated in
red and the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or
right) indicates whether the expected H I line frequency is shorter, or longer, respectively,
than the frequency range probed by the WSRT observations.
191
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101540.2+384913
Center:  R.A. 10 15 40.19    Dec  +38 49 14.1
CO
94 95 96 97
ν (GHz)
−6
−4
−2
0
2
4
6
Fl
ux
 (m
Jy
)
HI
1.16 1.17 1.18 1.19 1.20 1.21 1.22
ν (GHz)
−0.05
0.00
0.05
0.10
0.15
Fl
ux
 (m
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J162721.0+424951
Center:  R.A. 16 27 20.95    Dec  +42 49 50.3
8.8
CO
93 94 95 96
ν (GHz)
−3
−2
−1
0
1
2
3
Fl
ux
 (m
Jy
)
HI
1.16 1.17 1.18 1.19 1.20 1.21 1.22
ν (GHz)
−0.05
0.00
0.05
0.10
0.15
Fl
ux
 (m
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101856.7+390158
Center:  R.A. 10 18 56.69    Dec  +39 01 57.5
8.8
CO
98 99 100 101
ν (GHz)
−4
−2
0
2
4
6
Fl
ux
 (m
Jy
)
HI
1.16 1.17 1.18 1.19 1.20 1.21 1.22
ν (GHz)
−0.05
0.00
0.05
0.10
0.15
Fl
ux
 (m
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J162508.6+423400
Center:  R.A. 16 25 08.57    Dec  +42 34 00.5
8.8
17.6
CO
95 96 97 98
ν (GHz)
−4
−2
0
2
4
Fl
ux
 (m
Jy
)
HI
1.16 1.17 1.18 1.19 1.20 1.21 1.22
ν (GHz)
−0.05
0.00
0.05
0.10
0.15
Fl
ux
 (m
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101727.7+384628
Center:  R.A. 10 17 27.76    Dec  +38 46 27.6
CO
94 95 96 97
ν (GHz)
−2
0
2
4
Fl
ux
 (m
Jy
)
HI
1.16 1.17 1.18 1.19 1.20 1.21 1.22
ν (GHz)
−0.05
0.00
0.05
0.10
0.15
Fl
ux
 (m
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J162717.7+430309
Center:  R.A. 16 27 17.74    Dec  +43 03 09.5
CO
92 93 94 95
ν (GHz)
−2
0
2
4
Fl
ux
 (m
Jy
)
HI
1.16 1.17 1.18 1.19 1.20 1.21 1.22
ν (GHz)
−0.05
0.00
0.05
0.10
0.15
Fl
ux
 (m
Jy
)
Figure C.3 COOL BUDHIES I: postage stamps for marginal CO detections. Each trio of
panels corresponds to one of our target galaxies with a marginal detection of the CO line.
The left panels show the INT R-band maps centered on the galaxy. The red circle shows
the RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24].
The middle panels give the CO spectrum showing the interval of 2 GHz centered on
the expected frequency of the CO line (shown in the vertical solid red line). The vertical
dashed black line indicates the central frequency of the CO line from fitting a Gaussian (if
detected). The right panels show the H I spectrum, with the expected frequency indicated in
red and the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or
right) indicates whether the expected H I line frequency is shorter, or longer, respectively,
than the frequency range probed by the WSRT observations.
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Figure C.4 COOL BUDHIES I: postage stamps for CO non-detections A. Each trio of pan-
els corresponds to one of our target galaxies with a non-detection of the CO line. The left
panels show the INT R-band maps centered on the galaxy. The red circle shows the RSR
beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24]. The middle
panels give the CO spectrum showing the interval of 2 GHz centered on the expected
frequency of the CO line (shown in the vertical solid red line). The vertical dashed black
line indicates the central frequency of the CO line from fitting a Gaussian (if detected).
The right panels show the H I spectrum, with the expected frequency indicated in red and
the fitted H I frequency (if detected) with a dashed black line A red arrow (left or right)
indicates whether the expected H I line frequency is shorter, or longer, respectively, than
the frequency range prob d by the WSRT observations.
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Figure C.5 COOL BUDHIES I: postage stamps for CO non-detections B. Each trio of pan-
els corresponds to one of our target galaxies with a non-detection of the CO line. The left
panels show the INT R-band maps centered on the galaxy. The red circle shows the RSR
beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24]. The middle
panels give the CO spectrum showing the interval of 2 GHz centered on the expected
frequency of the CO line (shown in the vertical solid red line). The vertical dashed black
line indicates the central frequency of the CO line from fitting a Gaussian (if detected).
The right panels show the H I spectrum, with the expected frequency indicated in red and
the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or right)
indicates whether the expected H I line frequency is shorter, or longer, respectively, than
the frequency range probed by the WSRT observations.
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Figure C.6 Example MCMC line fitting parameter steps 1. An example of exploring param-
eter space with the MCMC fitting code, for our target J162612.9+425242. The lower-left
figure shows the values of amplitude and central frequency, initially for the “burn-in” pe-
riod in black but post burn-in is shown in red. Above is a histogram of the amplitude
values overall (black) and post burn-in (red). The right rotated histogram shows a similar
histogram for the central frequency.
195
       
1.0e+02
1.0e+03
1.0e+04
1.0e+02 1.0e+03 1.0e+04
 
 
 
0.02 0.03 0.04 0.05 0.06 0.07 0.08
FWHM (GHz)
0.05
0.10
0.15
D
.C
. O
ffs
et
 (m
K)
Figure C.7 Example MCMC line fitting parameter steps 2. An example of exploring param-
eter space with the MCMC fitting code, for our target J162612.9+425242. The lower-left
figure shows the values of the FWHM and D.C. offset, initially for the “burn-in” period in
black but post burn-in is shown in red. Above is a histogram of the FWHM values overall
(black) and post burn-in (red). The right rotated histogram shows a similar histogram for
the D.C. offset.
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Figure C.8 Sizes of COLD GASS galaxies. Random selection of galaxies from the COLD
GASS survey. The images show the SDSS r0-band, and the red circles are the 2200 beam
FWHM for CO observations in the COLD GASS study.
C.3 COLD GASS Galaxy Sizes
In Figure C.3 we show a series of postage-stamp optical images of a selection of galax-
ies from the COLD GASS survey, along with the 2200 beam FWHM used for their molec-
ular gas determinations. These galaxies were selected randomly from the COLD GASS
catalogue to sample the range of redshifts and physical sizes spanned by the sample. The
COLD GASS survey has a mean redshift of z¯ = 0:0365 and a mean half-light radius (de-
rived from the SDSS r0-band) of R¯50 = 4:8700. The 20 galaxies plotted in Figure C.3 consist
of four sets of five random galaxies selected from each of the following quarters of the
overall catalogue: 1) galaxies with z< z¯ & R50 < R¯50, 2) galaxies with z< z¯ & R50  R¯50,
3) galaxies with z z¯ & R50 < R¯50, and 4) galaxies with z z¯ & R50  R¯50.
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APPENDIX D
APPENDICES TO CHAPTER 5
D.1 Spectra
Here we present the spectra for all of our targets, sorted by decreasing signal-to-noise
detections of the CO line by grouping them into reliable detections (Figure D.1), marginal
detections (Figures D.2, D.3, & D.4), and non-detections (Figures D.5, D.6, D.7, D.8,
and D.9). Alongside the CO spectra we show postage stamp images in the R-band, with
contours showing the MIPS [24] signal-to-noise, and the H I spectrum. Note that the
CO spectra presented show the portion of the spectrum centered on 2 GHz around the
expected frequency of the CO line, rather than the entire spectrum.
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Figure D.1 COOL BUDHIES II: postage stamps for strong CO detections. Each trio of
panels corresponds to one of our target galaxies with a reliable detection of the CO line.
The left panels show the INT R-band maps centered on the galaxy. The red circle shows
the RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24].
The middle panels give the CO spectrum showing the interval of 2 GHz centered on
the expected frequency of the CO line (shown in the vertical solid red line). The vertical
dashed black line indicates the central frequency of the CO line from fitting a Gaussian (if
detected). The right panels show the H I spectrum, with the expected frequency indicated in
red and the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or
right) indicates whether the expected H I line frequency is shorter, or longer, respectively,
than the frequency range probed by the WSRT observations.
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Figure D.2 COOL BUDHIES II: postage stamps for marginal CO detections A. Each trio
of panels corresponds to one of our target galaxies with a marginal detection of the CO line.
The left panels show the INT R-band maps centered on the galaxy. The red circle shows
the RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24].
The middl panels give the CO spectrum showing the interval of 2 GHz centered on
the expected frequency of the CO line (shown in the vertical solid red line). The vertical
dashed black line indicates the central frequency of the CO line from fitting a Gaussian (if
detected). The right panels show the H I spectrum, with the expected frequency indicated in
red and the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or
right) indicates whether the expected H I line frequency is shorter, or longer, respectively,
than the frequency range probed by the WSRT observations.
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Figure D.3 COOL BUDHIES II: postage stamps for marginal CO detections B. Each trio
of panels corresponds to one of our target galaxies with a marginal detection of the CO line.
The left panels show the INT R-band maps centered on the galaxy. The red circle shows
the RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24].
The middle panels give the CO spectrum showing the interval of 2 GHz centered on
the expected frequency of the CO line (shown in the vertical solid red line). The vertical
dashed black line indicates the central frequency of the CO line from fitting a Gaussian (if
detected). The right panels show the H I spectrum, with the expected frequency indicated in
red and the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or
right) indicates whether the expected H I line frequency is shorter, or longer, respectively,
than the frequency range probed by the WSRT observations.
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Figure D.4 COOL BUDHIES II: postage stamps for marginal CO detections C. Each trio
of panels corresponds to one of our target galaxies with a marginal detection of the CO line.
The left panels show the INT R-band maps centered on the galaxy. The red circle shows
the RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24].
The middle panels give the CO spectrum showing the interval of 2 GHz centered on
the expected frequency of the CO line (shown in the vertical solid red line). The vertical
dashed black line indicates the central frequency of the CO line from fitting a Gaussian (if
detected). The right panels show the H I spectrum, with the expected frequency indicated in
red and the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or
right) indicates whether the expected H I line frequency is shorter, or longer, respectively,
than the frequency range probed by the WSRT observations.
202
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101718.5+385944
Center:  R.A. 10 17 18.41    Dec  +38 59 45.1
CO
95 96 97 98
ν (GHz)
−4
−2
0
2
4
Fl
ux
 (m
Jy
)
HI
1.17 1.18 1.19 1.20 1.21
ν (GHz)
−20
0
20
Fl
ux
 (µ
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101727.1+384144
Center:  R.A. 10 17 27.02    Dec  +38 41 43.0
CO
94 95 96 97
ν (GHz)
−2
0
2
Fl
ux
 (m
Jy
)
HI
1.17 1.18 1.19 1.20 1.21
ν (GHz)
−50
0
50
100
150
Fl
ux
 (µ
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101731.2+392300
Center:  R.A. 10 17 31.28    Dec  +39 23 00.5
CO
94 95 96 97
ν (GHz)
−4
−2
0
2
4
Fl
ux
 (m
Jy
)
HI
1.17 1.18 1.19 1.20 1.21
ν (GHz)
−60
−40
−20
0
20
40
Fl
ux
 (µ
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101657.6+390040
Center:  R.A. 10 16 57.55    Dec  +39 00 40.4
CO
95 96 97 98
ν (GHz)
−4
−2
0
2
4
6
Fl
ux
 (m
Jy
)
HI
1.17 1.18 1.19 1.20 1.21
ν (GHz)
−40
−20
0
20
Fl
ux
 (µ
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101717.1+390204
Center:  R.A. 10 17 17.01    Dec  +39 02 03.7
CO
95 96 97 98
ν (GHz)
−4
−2
0
2
4
Fl
ux
 (m
Jy
)
HI
1.17 1.18 1.19 1.20 1.21
ν (GHz)
−2
−1
0
1
2
3
4
5
Fl
ux
 (µ
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101701.2+390502
Center:  R.A. 10 17 01.21    Dec  +39 05 01.6
CO
94 95 96 97
ν (GHz)
−2
0
2
4
6
Fl
ux
 (m
Jy
)
HI
1.17 1.18 1.19 1.20 1.21
ν (GHz)
−20
0
20
Fl
ux
 (µ
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101712.8+390519
Center:  R.A. 10 17 12.80    Dec  +39 05 18.1
CO
94 95 96 97
ν (GHz)
−6
−4
−2
0
2
4
Fl
ux
 (m
Jy
)
HI
1.17 1.18 1.19 1.20 1.21
ν (GHz)
−30
−20
−10
0
10
20
30
Fl
ux
 (µ
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101703.7+391618
Center:  R.A. 10 17 03.71    Dec  +39 16 18.6
CO
94 95 96 97
ν (GHz)
−4
−2
0
2
4
6
Fl
ux
 (m
Jy
)
HI
1.17 1.18 1.19 1.20 1.21
ν (GHz)
−40
−20
0
20
40
Fl
ux
 (µ
Jy
)
10 0 −10 −20
Arc Seconds
−10
0
10
20
Ar
c 
Se
co
nd
s
J101707.3+384436
Center:  R.A. 10 17 07.30    Dec  +38 44 35.5
CO
95 96 97 98
ν (GHz)
−6
−4
−2
0
2
4
Fl
ux
 (m
Jy
)
HI
1.17 1.18 1.19 1.20 1.21
ν (GHz)
−40
−20
0
20
40
Fl
ux
 (µ
Jy
)
Figure D.5 COOL BUDHIES II: postage stamps for CO non-detections A. Each trio of
panels corresponds to one of our target galaxies with a non-detection of the CO line. The
left panels show the INT R-band maps centered on the galaxy. The red circle shows the
RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24]. The mid-
dle panels give the CO spectrum showing the interval of 2 GHz centered on the expected
frequency of the CO line (shown in the vertical solid red line). The vertical dashed black
line indicate the central frequency of the CO line from fitting a Gaussian (if detected).
The right panels show the H I spectrum, with the expected frequency indicated in red and
the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or right)
indicates whether the expected H I line frequency is shorter, or longer, respectively, than
the frequency range probed by the WSRT observations.
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Figure D.6 COOL BUDHIES II: postage stamps for CO non-detections B. Each trio of
panels corresponds to one of our target galaxies with a non-detection of the CO line. The
left panels show the INT R-band maps centered on the galaxy. The red circle shows the
RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24]. The mid-
dle panels give the CO spectrum showing the interval of 2 GHz centered on the expected
frequency of the CO line (shown in the vertical solid red line). The vertical dashed black
line indicates the central frequency of the CO line from fitting a Gaussian (if detected).
The right panels show the H I spectrum, with the expected frequency indicated in red and
the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or right)
indicates whether the expected H I line frequency is shorter, or longer, respectively, than
the frequency range probed by the WSRT observations.
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Figure D.7 COOL BUDHIES II: postage stamps for CO non-detections C. Each trio of
panels corresponds to one of our target galaxies with a non-detection of the CO line. The
left panels show the INT R-band maps centered on the galaxy. The red circle shows the
RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24]. The mid-
dle panels give the CO spectrum showing the interval of 2 GHz centered on the expected
frequency of the CO line (shown in the vertical solid red line). The vertical dashed black
line indicate the central frequency of the CO line from fitting a Gaussian (if detected).
The right panels show the H I spectrum, with the expected frequency indicated in red and
the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or right)
indicates whether the expected H I line frequency is shorter, or longer, respectively, than
the frequency range probed by the WSRT observations.
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Figure D.8 COOL BUDHIES II: postage stamps for CO non-detections D. Each trio of
panels corresponds to one of our target galaxies with a non-detection of the CO line. The
left panels show the INT R-band maps centered on the galaxy. The red circle shows the
RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24]. The mid-
dle panels give the CO spectrum showing the interval of 2 GHz centered on the expected
frequency of the CO line (shown in the vertical solid red line). The vertical dashed black
line indicates the central frequency of the CO line from fitting a Gaussian (if detected).
The right panels show the H I spectrum, with the expected frequency indicated in red and
the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or right)
indicates whether the expected H I line frequency is shorter, or longer, respectively, than
the frequency range probed by the WSRT observations.
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Figure D.9 COOL BUDHIES II: postage stamps for CO non-detections E. Each trio of
panels corresponds to one of our target galaxies with a non-detection of the CO line. The
left panels show the INT R-band maps centered on the galaxy. The red circle shows the
RSR beam. In blue we plot 5-25s (in intervals of 5s ) contours from MIPS [24]. The mid-
dle panels give the CO spectrum showing the interval of 2 GHz centered on the expected
frequency of the CO line (shown in the vertical solid red line). The vertical dashed black
line indicates the central frequency of the CO line from fitting a Gaussian (if detected).
The right panels show the H I spectrum, with the expected frequency indicated in red and
the fitted H I frequency (if detected) with a dashed black line. A red arrow (left or right)
indicates whether the expected H I line frequency is shorter, or longer, respectively, than
the frequency range probed by the WSRT observations.
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